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ABSTRACT
Star formation rate and accumulated stellar mass are two fundamental physical quantities
that describe the evolutionary state of a forming galaxy. Two recent attempts to determine
the relationship between these quantities, by interpreting a sample of star-forming galaxies
at redshift of z ∼ 4, have led to opposite conclusions. Using a model galaxy population, we
investigate possible causes for this discrepancy and conclude that minor errors in the conversion
from observables to physical quantities can lead to a major misrepresentation when applied
without awareness of sample selection. We also investigate, in a general way, the physical
origin of the correlation between star formation rate and stellar mass within the hierarchical
galaxy formation theory.
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1 I NT RODUCTION

As more distant galaxy populations become accessible to modern
surveys, astronomers are striving to estimate their physical proper-
ties, despite the challenges inherent in such pioneering tasks. Even
light that barely registers on our instruments is analysed to infer
the stellar mass and star formation activity of its source, providing
valuable stepping stones on which our physical picture of structure
formation can progress.

For example, Stark et al. (2009) produced estimates of stellar
mass for 1038 galaxies from the GOODS survey, grouped into three
populations by redshift: z ≈ 4, 5 and 6. These stellar masses were
estimated using a population synthesis model (Bruzual & Charlot
2003; Bruzual 2007) which searches for the stellar population which
best fits the observed spectral energy distribution of each galaxy (see
Section 3.4).

Star formation rates were specifically not derived for this sample,
because of uncertainties in the extinction correction. In lieu of this,
the galaxies’ ‘emerging’ UV luminosities were computed (the lu-
minosity at 1550 Å without any dust correction). However, fig. 9 of
Stark et al. (2009) does include the star formation rates that would
be inferred if a standard proportionality between UV luminosity
and star formation rate is assumed (Madau, Pozzetti & Dickinson
1998):

log
(

Ṁ!

M# yr−1

)
= −M150 + 18.45

2.5
. (1)

The resulting figure, for the galaxies in the nearest of those three
samples, is reproduced for reference in the upper panel of our Fig. 1.
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Despite only a fleeting appearance in the observational paper,
these star formation rate estimates have since been the subject of a
quite detailed theoretical analysis. Dutton et al. (2010) summarize
the trend given by the sample in Fig. 1 as

Ṁ!

M!

≈ 1
0.62 Gyr

(
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)−0.2
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which implies that the specific star formation rate (Ṁ!/M!) is only
weakly dependent on the stellar mass.

Meanwhile, the same sample of observational estimates has been
subject to analysis by Khochfar & Silk (2011). Having chosen to
plot the information on different axes, with a derived quantity, the
specific star formation rate (SSFR), on the y-axis (as in the lower
panel of Fig. 1) these authors perceive there to be a ‘strong observed
mass-dependence’ with stellar mass.

So the same sample has been interpreted, on the one hand, as
having a strong correlation with stellar mass and, on the other
hand, a weak correlation.1 What is the reader to conclude from this
literature?

The confusion can be appreciated by comparing the two panels
in Fig. 1. The trend (2) does not seem unreasonable when looking
at the top panel, but the problem is that the observational limit in

1 Both groups of authors agree on the relative evolution in specific star for-
mation rate implied by the data when compared with equivalent relationships
at low redshifts, and that this evolution seems to cease (appear constant) for
z !4. Dutton et al. (2010) explain this in terms of high gas densities, and thus
higher star formation rates, for a galaxy of a given mass at higher redshift.
Khochfar & Silk (2011) look for modulated models of accretion-driven star
formation. In this paper, we focus on the extent to which the data may or
may not reveal the true underlying evolution (Section 4).
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies

Online-only material: color figures

1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 µm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.
(A color version of this figure is available in the online journal.)

In Figure 4, we present the relationship between the IRAC
3.6 µm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z ! 2 than
at z ! 4, it is clear that these sources require more scrutiny
before proceeding.

We can gain some insight into the likely redshifts of this
population from 24 µm imaging with the Multiband Imaging
Photometer for Spitzer (MIPS) camera (Dickinson et al., in
preparation; Chary et al., in preparation). At z ! 2, the MIPS
imaging passband probes the bright rest-frame 7.7 µm feature
from polycyclic aromatic hydrocarbons (PAHs). As a result,
dusty star-forming galaxies at z ! 2 are commonly detected
with the MIPS (e.g., Reddy et al. 2006). Such PAH features
would not be detected in sources over the redshift range our
dropouts sample (4 " z " 6); hence if any of our sources are de-
tected with MIPS, it very well may indicate that they lie at z ! 2.

In order to determine what fraction of our catalog is detected
at 24 µm, we visually examine the MIPS data of each dropout in
the Spitzer-isolated sample. While the total number of dropouts
with MIPS detections is small (12/800 B drops, 3/186 V drops,
and none of the i ′ drops), it is not negligible. As expected, each of
the sources detected with MIPS is quite red (z′

850 −m3.6 ! 2) in
addition to being bright in the IRAC bandpasses. These sources
thus make up a significant fraction of the subset of our dropout
samples with bright IRAC fluxes (10/25, 2/4 of those with
m3.6 < 23 for the B and V drops, respectively) and are hence
sure to strongly affect attempts to derive the number density of
massive galaxies.

While we consider these sources as prime low-redshift
candidates, it is possible that some of these lie at z ! 4. Cross-
correlating the 24 µm detected subset with our spectroscopic
sample, we find that one of the three MIPS-detected V drops has
a spectroscopically confirmed redshift of z = 4.76. Since there
are few strong PAH features that fall into the 24 µm filter at this
redshift, we propose that the 24 µm emission most likely comes
from a dusty active galactic nuclei, a conclusion consistent
with the point-like morphology in the observed optical-frame.
Importantly, this establishes that not all 24 µm detected dropouts
are foreground objects. The MIPS-detected subsample thus
places an upper limit (1.5% for the B drops and 1.1% for the V
drops) on the number of dusty low-z interlopers remaining in
our samples. In subsequent sections, we will derive the evolving
stellar populations of our dropout sample both with and without
the 24 µm detected sources.

5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and



Martin Stringer

The Astrophysical Journal, 697:1493–1511, 2009 June 1 doi:10.1088/0004-637X/697/2/1493
C© 2009. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

THE EVOLUTIONARY HISTORY OF LYMAN BREAK GALAXIES BETWEEN REDSHIFT 4 AND 6:
OBSERVING SUCCESSIVE GENERATIONS OF MASSIVE GALAXIES IN FORMATION

Daniel P. Stark1,2, Richard S. Ellis1,3, Andrew Bunker3, Kevin Bundy4,5,8, Tom Targett1,6, Andrew Benson1,
and Mark Lacy7

1 Department of Astrophysics, California Institute of Technology, MS 105-24, Pasadena, CA 91125, USA; dps@astro.caltech.edu
2 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, USA

3 Department of Astrophysics, University of Oxford, OX1 3RH, USA
4 Department of Astronomy, University of California, Berkeley, CA 94720, USA

5 Department of Astronomy & Astrophysics, University of Toronto, 50 St. George Street, Toronto, ON, M5S 3H4, USA
6 Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Rd., Vancouver, B.C., V6T 1Z1, Canada

7 Spitzer Science Center, California Institute of Technology, MC-220-6, 1200 E. California Blvd, Pasadena, CA 91125, USA
Received 2008 October 13; accepted 2009 March 10; published 2009 May 13

ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 µm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.
(A color version of this figure is available in the online journal.)

In Figure 4, we present the relationship between the IRAC
3.6 µm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z ! 2 than
at z ! 4, it is clear that these sources require more scrutiny
before proceeding.

We can gain some insight into the likely redshifts of this
population from 24 µm imaging with the Multiband Imaging
Photometer for Spitzer (MIPS) camera (Dickinson et al., in
preparation; Chary et al., in preparation). At z ! 2, the MIPS
imaging passband probes the bright rest-frame 7.7 µm feature
from polycyclic aromatic hydrocarbons (PAHs). As a result,
dusty star-forming galaxies at z ! 2 are commonly detected
with the MIPS (e.g., Reddy et al. 2006). Such PAH features
would not be detected in sources over the redshift range our
dropouts sample (4 " z " 6); hence if any of our sources are de-
tected with MIPS, it very well may indicate that they lie at z ! 2.

In order to determine what fraction of our catalog is detected
at 24 µm, we visually examine the MIPS data of each dropout in
the Spitzer-isolated sample. While the total number of dropouts
with MIPS detections is small (12/800 B drops, 3/186 V drops,
and none of the i ′ drops), it is not negligible. As expected, each of
the sources detected with MIPS is quite red (z′

850 −m3.6 ! 2) in
addition to being bright in the IRAC bandpasses. These sources
thus make up a significant fraction of the subset of our dropout
samples with bright IRAC fluxes (10/25, 2/4 of those with
m3.6 < 23 for the B and V drops, respectively) and are hence
sure to strongly affect attempts to derive the number density of
massive galaxies.

While we consider these sources as prime low-redshift
candidates, it is possible that some of these lie at z ! 4. Cross-
correlating the 24 µm detected subset with our spectroscopic
sample, we find that one of the three MIPS-detected V drops has
a spectroscopically confirmed redshift of z = 4.76. Since there
are few strong PAH features that fall into the 24 µm filter at this
redshift, we propose that the 24 µm emission most likely comes
from a dusty active galactic nuclei, a conclusion consistent
with the point-like morphology in the observed optical-frame.
Importantly, this establishes that not all 24 µm detected dropouts
are foreground objects. The MIPS-detected subsample thus
places an upper limit (1.5% for the B drops and 1.1% for the V
drops) on the number of dusty low-z interlopers remaining in
our samples. In subsequent sections, we will derive the evolving
stellar populations of our dropout sample both with and without
the 24 µm detected sources.

5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 µm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.
(A color version of this figure is available in the online journal.)

In Figure 4, we present the relationship between the IRAC
3.6 µm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z ! 2 than
at z ! 4, it is clear that these sources require more scrutiny
before proceeding.

We can gain some insight into the likely redshifts of this
population from 24 µm imaging with the Multiband Imaging
Photometer for Spitzer (MIPS) camera (Dickinson et al., in
preparation; Chary et al., in preparation). At z ! 2, the MIPS
imaging passband probes the bright rest-frame 7.7 µm feature
from polycyclic aromatic hydrocarbons (PAHs). As a result,
dusty star-forming galaxies at z ! 2 are commonly detected
with the MIPS (e.g., Reddy et al. 2006). Such PAH features
would not be detected in sources over the redshift range our
dropouts sample (4 " z " 6); hence if any of our sources are de-
tected with MIPS, it very well may indicate that they lie at z ! 2.

In order to determine what fraction of our catalog is detected
at 24 µm, we visually examine the MIPS data of each dropout in
the Spitzer-isolated sample. While the total number of dropouts
with MIPS detections is small (12/800 B drops, 3/186 V drops,
and none of the i ′ drops), it is not negligible. As expected, each of
the sources detected with MIPS is quite red (z′

850 −m3.6 ! 2) in
addition to being bright in the IRAC bandpasses. These sources
thus make up a significant fraction of the subset of our dropout
samples with bright IRAC fluxes (10/25, 2/4 of those with
m3.6 < 23 for the B and V drops, respectively) and are hence
sure to strongly affect attempts to derive the number density of
massive galaxies.

While we consider these sources as prime low-redshift
candidates, it is possible that some of these lie at z ! 4. Cross-
correlating the 24 µm detected subset with our spectroscopic
sample, we find that one of the three MIPS-detected V drops has
a spectroscopically confirmed redshift of z = 4.76. Since there
are few strong PAH features that fall into the 24 µm filter at this
redshift, we propose that the 24 µm emission most likely comes
from a dusty active galactic nuclei, a conclusion consistent
with the point-like morphology in the observed optical-frame.
Importantly, this establishes that not all 24 µm detected dropouts
are foreground objects. The MIPS-detected subsample thus
places an upper limit (1.5% for the B drops and 1.1% for the V
drops) on the number of dusty low-z interlopers remaining in
our samples. In subsequent sections, we will derive the evolving
stellar populations of our dropout sample both with and without
the 24 µm detected sources.

5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies

Online-only material: color figures

1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 µm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.
(A color version of this figure is available in the online journal.)

In Figure 4, we present the relationship between the IRAC
3.6 µm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z ! 2 than
at z ! 4, it is clear that these sources require more scrutiny
before proceeding.

We can gain some insight into the likely redshifts of this
population from 24 µm imaging with the Multiband Imaging
Photometer for Spitzer (MIPS) camera (Dickinson et al., in
preparation; Chary et al., in preparation). At z ! 2, the MIPS
imaging passband probes the bright rest-frame 7.7 µm feature
from polycyclic aromatic hydrocarbons (PAHs). As a result,
dusty star-forming galaxies at z ! 2 are commonly detected
with the MIPS (e.g., Reddy et al. 2006). Such PAH features
would not be detected in sources over the redshift range our
dropouts sample (4 " z " 6); hence if any of our sources are de-
tected with MIPS, it very well may indicate that they lie at z ! 2.

In order to determine what fraction of our catalog is detected
at 24 µm, we visually examine the MIPS data of each dropout in
the Spitzer-isolated sample. While the total number of dropouts
with MIPS detections is small (12/800 B drops, 3/186 V drops,
and none of the i ′ drops), it is not negligible. As expected, each of
the sources detected with MIPS is quite red (z′

850 −m3.6 ! 2) in
addition to being bright in the IRAC bandpasses. These sources
thus make up a significant fraction of the subset of our dropout
samples with bright IRAC fluxes (10/25, 2/4 of those with
m3.6 < 23 for the B and V drops, respectively) and are hence
sure to strongly affect attempts to derive the number density of
massive galaxies.

While we consider these sources as prime low-redshift
candidates, it is possible that some of these lie at z ! 4. Cross-
correlating the 24 µm detected subset with our spectroscopic
sample, we find that one of the three MIPS-detected V drops has
a spectroscopically confirmed redshift of z = 4.76. Since there
are few strong PAH features that fall into the 24 µm filter at this
redshift, we propose that the 24 µm emission most likely comes
from a dusty active galactic nuclei, a conclusion consistent
with the point-like morphology in the observed optical-frame.
Importantly, this establishes that not all 24 µm detected dropouts
are foreground objects. The MIPS-detected subsample thus
places an upper limit (1.5% for the B drops and 1.1% for the V
drops) on the number of dusty low-z interlopers remaining in
our samples. In subsequent sections, we will derive the evolving
stellar populations of our dropout sample both with and without
the 24 µm detected sources.

5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 µm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.
(A color version of this figure is available in the online journal.)

In Figure 4, we present the relationship between the IRAC
3.6 µm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z ! 2 than
at z ! 4, it is clear that these sources require more scrutiny
before proceeding.

We can gain some insight into the likely redshifts of this
population from 24 µm imaging with the Multiband Imaging
Photometer for Spitzer (MIPS) camera (Dickinson et al., in
preparation; Chary et al., in preparation). At z ! 2, the MIPS
imaging passband probes the bright rest-frame 7.7 µm feature
from polycyclic aromatic hydrocarbons (PAHs). As a result,
dusty star-forming galaxies at z ! 2 are commonly detected
with the MIPS (e.g., Reddy et al. 2006). Such PAH features
would not be detected in sources over the redshift range our
dropouts sample (4 " z " 6); hence if any of our sources are de-
tected with MIPS, it very well may indicate that they lie at z ! 2.

In order to determine what fraction of our catalog is detected
at 24 µm, we visually examine the MIPS data of each dropout in
the Spitzer-isolated sample. While the total number of dropouts
with MIPS detections is small (12/800 B drops, 3/186 V drops,
and none of the i ′ drops), it is not negligible. As expected, each of
the sources detected with MIPS is quite red (z′

850 −m3.6 ! 2) in
addition to being bright in the IRAC bandpasses. These sources
thus make up a significant fraction of the subset of our dropout
samples with bright IRAC fluxes (10/25, 2/4 of those with
m3.6 < 23 for the B and V drops, respectively) and are hence
sure to strongly affect attempts to derive the number density of
massive galaxies.

While we consider these sources as prime low-redshift
candidates, it is possible that some of these lie at z ! 4. Cross-
correlating the 24 µm detected subset with our spectroscopic
sample, we find that one of the three MIPS-detected V drops has
a spectroscopically confirmed redshift of z = 4.76. Since there
are few strong PAH features that fall into the 24 µm filter at this
redshift, we propose that the 24 µm emission most likely comes
from a dusty active galactic nuclei, a conclusion consistent
with the point-like morphology in the observed optical-frame.
Importantly, this establishes that not all 24 µm detected dropouts
are foreground objects. The MIPS-detected subsample thus
places an upper limit (1.5% for the B drops and 1.1% for the V
drops) on the number of dusty low-z interlopers remaining in
our samples. In subsequent sections, we will derive the evolving
stellar populations of our dropout sample both with and without
the 24 µm detected sources.

5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and

M! ≈ 5× 1010M!
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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z " 4
and z " 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z ! 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z " 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 " z " 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M%) z " 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 " z " 6 down to z " 2, we find that z ! 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z " 2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: starburst – surveys –
ultraviolet: galaxies
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z " 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z " 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z " 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 µm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.
(A color version of this figure is available in the online journal.)

In Figure 4, we present the relationship between the IRAC
3.6 µm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z ! 2 than
at z ! 4, it is clear that these sources require more scrutiny
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5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z ! 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z ! 4 is overlaid on the z ! 5 and z ! 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.
(A color version of this figure is available in the online journal.)

Table 2
Evolution of Galaxy Properties over 4 ! z ! 6

MUV Num M" (τ = 100) M" (CSF) Age
(mag) (108 M#) (108 M#) (Myr)

B drops (z ! 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z ! 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z ! 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z ! 6 will, on average, have the same assembled
mass (to within a factor of ! 2) as a galaxy seen at z ! 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 ! z ! 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z ! 6 and 4.

While the inclusion of a dust correction would shift the
M"–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M"–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z ! 6 and 4 which would cause the z ! 4 M"–M1500
relation to shift slightly more than the z ! 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M"–M1500 relation over the 4 ! z ! 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M"–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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steady growth models.
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ABSTRACT
Star formation rate and accummulated stellar mass are two fundamental physical
quantities that describe the evolutionary state of a forming galaxy. Two recent at-
tempts to determine the relationship between these quantities, by interpreting a sam-
ple of star-forming galaxies at redshift of z ∼ 4, have led to opposite conclusions. We
use a model galaxy population to investigate possible causes for this discrepancy and
conclude that minor errors in the conversion from observables to physical quantities
can lead to major misrepresentation when applied without awareness of sample se-
lection. We also investigate, in a general way, the physical origin of the correlation
between star formation rate and stellar mass within hierarchical galaxy formation
theory.

1 INTRODUCTION

As more distant galaxy populations become accessible to
modern surveys, astronomers are striving to estimate their
physical properties, despite the challenges inherent in such
pioneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star forma-
tion activity of its source, providing valuable stepping stones
on which our physical picture of structure formation can
progress.

For example, Stark et al. (2009) produced estimates of
stellar mass for 1038 galaxies from the the GOODS survey,
grouped into three populations by redshift: z ≈ 4, 5 and 6.
These stellar masses were estimated using a population syn-
thesis model (Bruzal & Charlot 2003; Bruzal 2007) which
searches for the stellar population which best fits the ob-
served spectral energy distribution of each galaxy (see §3.4).

Star formation rates were specifically not derived for
this sample, because of uncertainties in the extinction cor-
rection. In lieu of this, the galaxies’ “emerging” UV lumi-
nosities were computed (the luminosity at 1550Å without
any dust correction). However, figure 9 of Stark et al. (2009)
does include the star formation rates that would be inferred
if a standard proportionality between UV luminosity and
star formation rate were assumed (Madau, Pozzetti & Dick-
inson 1998, see Appendix B). This figure, for the galaxies in
the nearest of the three samples, is reproduced for reference
in the upper panel of our Fig 1.

Despite only a fleeting appearance in the observational
paper, these star formation rate estimates have since been
the subject of quite detailed theoretical analysis. Dutton et
al. (2010) summarise the trend given by the sample in Fig.1
as:
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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ABSTRACT
We use a semi-analytic model for disk galaxies to explore the origin of the time evolution
and small scatter of the galaxy SFR sequence – the tight correlation between star formation
rate (SFR) and stellar mass (Mstar). The steep decline of SFR from z ∼ 2 to the present, at
fixed Mstar, is a consequence of the following. First, disk galaxies are in a steady state with the
SFR following the net (i.e. inflow minus outflow) gas accretion rate. The evolution of the SFR
sequence is determined by evolution in the cosmological specific accretion rates, ∝ (1 + z)2.25,
but is found to be independent of feedback. Although feedback determines the outflow rates, it
shifts galaxies along the SFR sequence, leaving its zero-point invariant. Second, the conversion
of accretion rate to SFR is materialized through gas density, not gas mass. Although the model
SFR is an increasing function of both gas mass fraction and gas density, only the gas densities
are predicted to evolve significantly with redshift. Third, star formation is fueled by molecular
gas. Since the molecular gas fraction increases monotonically with increasing gas density,
the model predicts strong evolution in the molecular gas fractions, increasing by an order of
magnitude from z = 0 to z ∼ 2. On the other hand, the model predicts that the effective surface
density of atomic gas is ∼10 M# pc−2, independent of redshift, stellar mass or feedback. Our
model suggests that the scatter in the SFR sequence reflects variations in the gas accretion
history, and thus is insensitive to stellar mass, redshift or feedback. The large scatter in halo spin
contributes negligibly, because it scatters galaxies along the SFR sequence. An observational
consequence of this is that the scatter in the SFR sequence is independent of the size (both
stellar and gaseous) of galaxy disks.
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galaxies: haloes – galaxies: high-redshift – galaxies: spiral.

1 INTRODUCT I O N

Understanding the star formation history of the Universe is a ma-
jor goal of modern astronomy. Starting at redshift z = 0, the
comoving cosmic star formation rate (SFR) density (in units of
M# yr−1 Mpc−1) rises by an order of magnitude to z % 1 (e.g. Lilly
et al. 1996; Schiminovich et al. 2005; Hopkins & Beacom 2006;
Villar et al. 2008; Sobral et al. 2009), reaches a peak around z %
2 and declines to higher redshifts (Madau, Pozzetti & Dickinson
1998; Bouwens et al. 2008; Pérez-González et al. 2008).
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A number of studies have shown that the decline in the comoving
cosmic SFR density from z % 1 to the present is not due to a decline
in the major merger rate (Bell et al. 2005; Melbourne, Koo & Le
Floc’h 2005; Wolf et al. 2005; Lotz et al. 2008; Sobral et al. 2009).
Rather, since the majority of all stars seem to form in galactic disks
(at least below z % 2), it is generally believed that the drop in
comoving cosmic SFR density from z % 1 to the present is related
to ‘quiescent’ processes, e.g. gas consumption and/or a reduced rate
of accretion of fresh gas from the cosmic web.

Great progress is currently being made in measuring molecular
gas masses in high redshift galaxies (e.g. Tacconi et al. 2006, 2008,
2010; Daddi et al. 2008, 2010). These studies indicate that the ra-
tio between molecular gas and stellar mass was higher in the past.
However, uncertainty in the conversion factor between CO lumi-
nosity and molecular gas mass limits the current accuracy of these
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ABSTRACT
Star formation rate and accummulated stellar mass are two fundamental physical
quantities that describe the evolutionary state of a forming galaxy. Two recent at-
tempts to determine the relationship between these quantities, by interpreting a sam-
ple of star-forming galaxies at redshift of z ∼ 4, have led to opposite conclusions. We
use a model galaxy population to investigate possible causes for this discrepancy and
conclude that minor errors in the conversion from observables to physical quantities
can lead to major misrepresentation when applied without awareness of sample se-
lection. We also investigate, in a general way, the physical origin of the correlation
between star formation rate and stellar mass within hierarchical galaxy formation
theory.

1 INTRODUCTION

As more distant galaxy populations become accessible to
modern surveys, astronomers are striving to estimate their
physical properties, despite the challenges inherent in such
pioneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star forma-
tion activity of its source, providing valuable stepping stones
on which our physical picture of structure formation can
progress.

For example, Stark et al. (2009) produced estimates of
stellar mass for 1038 galaxies from the the GOODS survey,
grouped into three populations by redshift: z ≈ 4, 5 and 6.
These stellar masses were estimated using a population syn-
thesis model (Bruzal & Charlot 2003; Bruzal 2007) which
searches for the stellar population which best fits the ob-
served spectral energy distribution of each galaxy (see §3.4).

Star formation rates were specifically not derived for
this sample, because of uncertainties in the extinction cor-
rection. In lieu of this, the galaxies’ “emerging” UV lumi-
nosities were computed (the luminosity at 1550Å without
any dust correction). However, figure 9 of Stark et al. (2009)
does include the star formation rates that would be inferred
if a standard proportionality between UV luminosity and
star formation rate were assumed (Madau, Pozzetti & Dick-
inson 1998, see Appendix B). This figure, for the galaxies in
the nearest of the three samples, is reproduced for reference
in the upper panel of our Fig 1.

Despite only a fleeting appearance in the observational
paper, these star formation rate estimates have since been
the subject of quite detailed theoretical analysis. Dutton et
al. (2010) summarise the trend given by the sample in Fig.1
as:
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
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completeness limit in UV magnitude.
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ABSTRACT
As the frontier of galactic observations expands, there is a tendency to hastily adjust
or propose physical pictures to accommodate each new glimpse of history. Do the very
latest sightings really provide a suitable testing ground for theories of galaxy forma-
tion and star formation? We confront this question by considering a model galaxy
population from which a recent observational sample could feasibly have been drawn.
By following the mapping from a “true” population, to its appearance in an obser-
vational survey, and then to the inferred population, we highlight the potential to
conclude the existence of wildly unrepresentative trends in physical properties such
as star formation rate and stellar mass. This exercise also provides an opportunity to
clarify the physical origin of the trend between these two fundamental properties.

1 INTRODUCTION

As more distant galaxy populations become visible to mod-
ern surveys, astronomers are striving to estimate their phys-
ical properties, despite the challenges inherent to such pi-
oneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star formation
activity of its source, providing valuable stepping stones on
which our physical picture of the universe can progress.

For example, the GOODS survey (Stark et al. 2009),
covering redshifts, z ≈ 4 up to z ≈ 7, produced estimates
of stellar mass and star formation rates for over 2000 [ex-
act number] galaxies, grouped by redshift into three pop-
ulations. The estimates for the closest of the three groups
groups (z ∼ 4), are shown for reference here in Fig. 1.

Stellar masses were estimated using a population syn-
thesis model model (Bruzal & Charlot 2003; Bruzal 2007)
which finds the stellar population which best fits the ob-
served spectral energy distribution of each galaxy. Star for-
mation rates are assumed to be directly proportional to UV
luminosity. These techniques and assumptions are reviewed
in more detail in §A.

These sample this comprises has already been subject to
theoretical analysis. Dutton, van den Bosch & Dekel (2010)
summarise the trend given by the sample in Fig.1 as:

Ṁ!

M!
≈ 1

0.62 Gyr

(
M!

1010M!

)−0.2

, (1)

which says that the specific star formation rate (Ṁ!/M!)
is only weakly dependant on the stellar mass. Meanwhile,
when studying the same sample of observational estimates,
Khochfar & Silk (2010) set out:

“To recover the strong observed mass-dependance of the
specific star formation rate...”
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift z ∼ 4 by Stark et
al. (2009). The upper panel plots the star formation rate as the
y-axis, the lower panel plots the specific star formation rate. The
dashed line indicates the trend (1) that was inferred from these
estimates by Dutton, van den Bosch & Dekel (2010)
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SFR following the net (i.e. inflow minus outflow) gas accretion rate. The evolution of the SFR
sequence is determined by evolution in the cosmological specific accretion rates, ∝ (1 + z)2.25,
but is found to be independent of feedback. Although feedback determines the outflow rates, it
shifts galaxies along the SFR sequence, leaving its zero-point invariant. Second, the conversion
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SFR is an increasing function of both gas mass fraction and gas density, only the gas densities
are predicted to evolve significantly with redshift. Third, star formation is fueled by molecular
gas. Since the molecular gas fraction increases monotonically with increasing gas density,
the model predicts strong evolution in the molecular gas fractions, increasing by an order of
magnitude from z = 0 to z ∼ 2. On the other hand, the model predicts that the effective surface
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consequence of this is that the scatter in the SFR sequence is independent of the size (both
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1 INTRODUCT I O N

Understanding the star formation history of the Universe is a ma-
jor goal of modern astronomy. Starting at redshift z = 0, the
comoving cosmic star formation rate (SFR) density (in units of
M# yr−1 Mpc−1) rises by an order of magnitude to z % 1 (e.g. Lilly
et al. 1996; Schiminovich et al. 2005; Hopkins & Beacom 2006;
Villar et al. 2008; Sobral et al. 2009), reaches a peak around z %
2 and declines to higher redshifts (Madau, Pozzetti & Dickinson
1998; Bouwens et al. 2008; Pérez-González et al. 2008).
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A number of studies have shown that the decline in the comoving
cosmic SFR density from z % 1 to the present is not due to a decline
in the major merger rate (Bell et al. 2005; Melbourne, Koo & Le
Floc’h 2005; Wolf et al. 2005; Lotz et al. 2008; Sobral et al. 2009).
Rather, since the majority of all stars seem to form in galactic disks
(at least below z % 2), it is generally believed that the drop in
comoving cosmic SFR density from z % 1 to the present is related
to ‘quiescent’ processes, e.g. gas consumption and/or a reduced rate
of accretion of fresh gas from the cosmic web.

Great progress is currently being made in measuring molecular
gas masses in high redshift galaxies (e.g. Tacconi et al. 2006, 2008,
2010; Daddi et al. 2008, 2010). These studies indicate that the ra-
tio between molecular gas and stellar mass was higher in the past.
However, uncertainty in the conversion factor between CO lumi-
nosity and molecular gas mass limits the current accuracy of these
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ABSTRACT
We study the specific star formation rate (SSFR) and its evolution at z >∼ 4, in mod-
els of galaxy formation, where the star formation is driven by cold accretion flows.
We show that constant star formation and feedback efficiencies cannot reproduce the
observed trend of SSFR with stellar mass and its observed lack of evolution at z > 4.
The combination of smaller accretion rates and the fact that a larger fraction of the
gas reservoir is used up leads to no significant increase in the SSFR, even for large star
formation efficiencies. Model galaxies with M∗

<∼ 109 M" show systematically lower
specific star formation rates by orders of magnitudes, while massive galaxies with
M∗

>∼ 5×1010 M" have up to an order of magnitude larger SSFR, compared to obser-
vations. We here argue that boosts in star formation, triggered by frequent mergers at
z >∼ 4, can produce high enough star formation rates in low mass galaxies to enhance
the SSFR to the observed range. We introduce an empirical power-law scaling for the
star formation efficiency during mergers, which allows us to capture both the boost in
star formation at low masses and the quenching at high masses, and at the same time
produce a constant SSFR-stellar mass relation at z >∼ 4. Our results suggest that ob-
served high-z galaxies with high SSFR are likely to be frequently interacting systems,
which experienced a burst in their star formation rate, in contrast to low redshift z <∼ 3
galaxies which are cold accretion-regulated star forming systems. In this picture, the
α/Fe enhancements found for massive galaxies are generated during the high SSFR
phase in those smaller precursor systems that underwent strong merging.

Key words: galaxies: formation – galaxies: high-redshift – galaxies: interactions –
galaxies: starburst

1 INTRODUCTION

The cosmic star formation rate in the universe is shaped by
the physical conditions that govern the growth of galaxies.
An initial, probably short-lived, t ∼ 106 yr, episode of pop-
ulation III-dominated star formation at z ∼ 15 (e.g. Maio et
al. 2010) is followed by a steady increase in cosmic popula-
tion II/I star formation activity that reaches a peak around
z ∼ 2 (Hopkins & Beacom 2006), coinciding with a peak
in the merger activity of galaxies (e.g. Khochfar & Burkert
2001; Conselice et al. 2008; Khochfar & Silk 2009a). The
steady decline at lower redshifts is quite strong, however,
allowing for ∼ 50% of the present-day stellar mass to have
been formed between z = 0 and 1 (Pérez-González et al.
2008).

Within the hierarchical ΛCDM framework, the initial
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increase in the cosmic star formation is closely linked to
the growth of the hosting dark matter haloes. The short
cooling time-scale of halo gas favours efficient fuelling of star
formation in galaxies, in particular at high redshifts and
in dark matter haloes with Mvir

<∼ 1012 M! (e.g. Binney
1977; Silk 1977; Rees & Ostriker 1977; Birnboim & Dekel
2003). More massive haloes at z > 2 however, reveal efficient
feeding of their central galaxies as well. Cold streams of gas
that enter the virial radius along cosmic filaments penetrate
through the diffuse hot halo gas and reach the potential
minimum of the halo (Kereš et al. 2005; Ocvirk et al. 2008;
Dekel et al. 2009). Massive galaxies at z ∼ 2 show gas-to-
stellar mass ratios of order unity suggesting that cold flows
could indeed be a very efficient means of providing gas to
galaxies (Daddi et al. 2010; Tacconi et al. 2010).

At z < 2, cold streams in massive haloes cease to ex-
ist and feedback effects control the cosmic star formation
(e.g. Schaye et al. 2010) (see however, Bouche et al. 2009).
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ABSTRACT
Star formation rate and accummulated stellar mass are two fundamental physical
quantities that describe the evolutionary state of a forming galaxy. Two recent at-
tempts to determine the relationship between these quantities, by interpreting a sam-
ple of star-forming galaxies at redshift of z ∼ 4, have led to opposite conclusions. We
use a model galaxy population to investigate possible causes for this discrepancy and
conclude that minor errors in the conversion from observables to physical quantities
can lead to major misrepresentation when applied without awareness of sample se-
lection. We also investigate, in a general way, the physical origin of the correlation
between star formation rate and stellar mass within hierarchical galaxy formation
theory.

1 INTRODUCTION

As more distant galaxy populations become accessible to
modern surveys, astronomers are striving to estimate their
physical properties, despite the challenges inherent in such
pioneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star forma-
tion activity of its source, providing valuable stepping stones
on which our physical picture of structure formation can
progress.

For example, Stark et al. (2009) produced estimates of
stellar mass for 1038 galaxies from the the GOODS survey,
grouped into three populations by redshift: z ≈ 4, 5 and 6.
These stellar masses were estimated using a population syn-
thesis model (Bruzal & Charlot 2003; Bruzal 2007) which
searches for the stellar population which best fits the ob-
served spectral energy distribution of each galaxy (see §3.4).

Star formation rates were specifically not derived for
this sample, because of uncertainties in the extinction cor-
rection. In lieu of this, the galaxies’ “emerging” UV lumi-
nosities were computed (the luminosity at 1550Å without
any dust correction). However, figure 9 of Stark et al. (2009)
does include the star formation rates that would be inferred
if a standard proportionality between UV luminosity and
star formation rate were assumed (Madau, Pozzetti & Dick-
inson 1998, see Appendix B). This figure, for the galaxies in
the nearest of the three samples, is reproduced for reference
in the upper panel of our Fig 1.

Despite only a fleeting appearance in the observational
paper, these star formation rate estimates have since been
the subject of quite detailed theoretical analysis. Dutton et
al. (2010) summarise the trend given by the sample in Fig.1
as:
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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ABSTRACT
Star formation rate and accummulated stellar mass are two fundamental physical
quantities that describe the evolutionary state of a forming galaxy. Two recent at-
tempts to determine the relationship between these quantities, by interpreting a sam-
ple of star-forming galaxies at redshift of z ∼ 4, have led to opposite conclusions. We
use a model galaxy population to investigate possible causes for this discrepancy and
conclude that minor errors in the conversion from observables to physical quantities
can lead to major misrepresentation when applied without awareness of sample se-
lection. We also investigate, in a general way, the physical origin of the correlation
between star formation rate and stellar mass within hierarchical galaxy formation
theory.

1 INTRODUCTION

As more distant galaxy populations become accessible to
modern surveys, astronomers are striving to estimate their
physical properties, despite the challenges inherent in such
pioneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star forma-
tion activity of its source, providing valuable stepping stones
on which our physical picture of structure formation can
progress.

For example, Stark et al. (2009) produced estimates of
stellar mass for 1038 galaxies from the the GOODS survey,
grouped into three populations by redshift: z ≈ 4, 5 and 6.
These stellar masses were estimated using a population syn-
thesis model (Bruzal & Charlot 2003; Bruzal 2007) which
searches for the stellar population which best fits the ob-
served spectral energy distribution of each galaxy (see §3.4).

Star formation rates were specifically not derived for
this sample, because of uncertainties in the extinction cor-
rection. In lieu of this, the galaxies’ “emerging” UV lumi-
nosities were computed (the luminosity at 1550Å without
any dust correction). However, figure 9 of Stark et al. (2009)
does include the star formation rates that would be inferred
if a standard proportionality between UV luminosity and
star formation rate were assumed (Madau, Pozzetti & Dick-
inson 1998, see Appendix B). This figure, for the galaxies in
the nearest of the three samples, is reproduced for reference
in the upper panel of our Fig 1.

Despite only a fleeting appearance in the observational
paper, these star formation rate estimates have since been
the subject of quite detailed theoretical analysis. Dutton et
al. (2010) summarise the trend given by the sample in Fig.1
as:
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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ABSTRACT
As the frontier of galactic observations expands, there is a tendency to hastily adjust
or propose physical pictures to accommodate each new glimpse of history. Do the very
latest sightings really provide a suitable testing ground for theories of galaxy forma-
tion and star formation? We confront this question by considering a model galaxy
population from which a recent observational sample could feasibly have been drawn.
By following the mapping from a “true” population, to its appearance in an obser-
vational survey, and then to the inferred population, we highlight the potential to
conclude the existence of wildly unrepresentative trends in physical properties such
as star formation rate and stellar mass. This exercise also provides an opportunity to
clarify the physical origin of the trend between these two fundamental properties.

1 INTRODUCTION

As more distant galaxy populations become visible to mod-
ern surveys, astronomers are striving to estimate their phys-
ical properties, despite the challenges inherent to such pi-
oneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star formation
activity of its source, providing valuable stepping stones on
which our physical picture of the universe can progress.

For example, the GOODS survey (Stark et al. 2009),
covering redshifts, z ≈ 4 up to z ≈ 7, produced estimates
of stellar mass and star formation rates for over 2000 [ex-
act number] galaxies, grouped by redshift into three pop-
ulations. The estimates for the closest of the three groups
groups (z ∼ 4), are shown for reference here in Fig. 1.

Stellar masses were estimated using a population syn-
thesis model model (Bruzal & Charlot 2003; Bruzal 2007)
which finds the stellar population which best fits the ob-
served spectral energy distribution of each galaxy. Star for-
mation rates are assumed to be directly proportional to UV
luminosity. These techniques and assumptions are reviewed
in more detail in §A.

These sample this comprises has already been subject to
theoretical analysis. Dutton, van den Bosch & Dekel (2010)
summarise the trend given by the sample in Fig.1 as:

Ṁ!

M!
≈ 1

0.62 Gyr

(
M!

1010M!

)−0.2

, (1)

which says that the specific star formation rate (Ṁ!/M!)
is only weakly dependant on the stellar mass. Meanwhile,
when studying the same sample of observational estimates,
Khochfar & Silk (2010) set out:

“To recover the strong observed mass-dependance of the
specific star formation rate...”
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift z ∼ 4 by Stark et
al. (2009). The upper panel plots the star formation rate as the
y-axis, the lower panel plots the specific star formation rate. The
dashed line indicates the trend (1) that was inferred from these
estimates by Dutton, van den Bosch & Dekel (2010)
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Correlations. Very dangerous...
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ABSTRACT
We use a semi-analytic model for disk galaxies to explore the origin of the time evolution
and small scatter of the galaxy SFR sequence – the tight correlation between star formation
rate (SFR) and stellar mass (Mstar). The steep decline of SFR from z ∼ 2 to the present, at
fixed Mstar, is a consequence of the following. First, disk galaxies are in a steady state with the
SFR following the net (i.e. inflow minus outflow) gas accretion rate. The evolution of the SFR
sequence is determined by evolution in the cosmological specific accretion rates, ∝ (1 + z)2.25,
but is found to be independent of feedback. Although feedback determines the outflow rates, it
shifts galaxies along the SFR sequence, leaving its zero-point invariant. Second, the conversion
of accretion rate to SFR is materialized through gas density, not gas mass. Although the model
SFR is an increasing function of both gas mass fraction and gas density, only the gas densities
are predicted to evolve significantly with redshift. Third, star formation is fueled by molecular
gas. Since the molecular gas fraction increases monotonically with increasing gas density,
the model predicts strong evolution in the molecular gas fractions, increasing by an order of
magnitude from z = 0 to z ∼ 2. On the other hand, the model predicts that the effective surface
density of atomic gas is ∼10 M# pc−2, independent of redshift, stellar mass or feedback. Our
model suggests that the scatter in the SFR sequence reflects variations in the gas accretion
history, and thus is insensitive to stellar mass, redshift or feedback. The large scatter in halo spin
contributes negligibly, because it scatters galaxies along the SFR sequence. An observational
consequence of this is that the scatter in the SFR sequence is independent of the size (both
stellar and gaseous) of galaxy disks.

Key words: galaxies: evolution – galaxies: formation – galaxies: fundamental parameters –
galaxies: haloes – galaxies: high-redshift – galaxies: spiral.

1 INTRODUCT I O N

Understanding the star formation history of the Universe is a ma-
jor goal of modern astronomy. Starting at redshift z = 0, the
comoving cosmic star formation rate (SFR) density (in units of
M# yr−1 Mpc−1) rises by an order of magnitude to z % 1 (e.g. Lilly
et al. 1996; Schiminovich et al. 2005; Hopkins & Beacom 2006;
Villar et al. 2008; Sobral et al. 2009), reaches a peak around z %
2 and declines to higher redshifts (Madau, Pozzetti & Dickinson
1998; Bouwens et al. 2008; Pérez-González et al. 2008).

!E-mail: dutton@uvic.ca
†CITA National Fellow.

A number of studies have shown that the decline in the comoving
cosmic SFR density from z % 1 to the present is not due to a decline
in the major merger rate (Bell et al. 2005; Melbourne, Koo & Le
Floc’h 2005; Wolf et al. 2005; Lotz et al. 2008; Sobral et al. 2009).
Rather, since the majority of all stars seem to form in galactic disks
(at least below z % 2), it is generally believed that the drop in
comoving cosmic SFR density from z % 1 to the present is related
to ‘quiescent’ processes, e.g. gas consumption and/or a reduced rate
of accretion of fresh gas from the cosmic web.

Great progress is currently being made in measuring molecular
gas masses in high redshift galaxies (e.g. Tacconi et al. 2006, 2008,
2010; Daddi et al. 2008, 2010). These studies indicate that the ra-
tio between molecular gas and stellar mass was higher in the past.
However, uncertainty in the conversion factor between CO lumi-
nosity and molecular gas mass limits the current accuracy of these
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ABSTRACT
We study the specific star formation rate (SSFR) and its evolution at z >∼ 4, in mod-
els of galaxy formation, where the star formation is driven by cold accretion flows.
We show that constant star formation and feedback efficiencies cannot reproduce the
observed trend of SSFR with stellar mass and its observed lack of evolution at z > 4.
The combination of smaller accretion rates and the fact that a larger fraction of the
gas reservoir is used up leads to no significant increase in the SSFR, even for large star
formation efficiencies. Model galaxies with M∗

<∼ 109 M" show systematically lower
specific star formation rates by orders of magnitudes, while massive galaxies with
M∗

>∼ 5×1010 M" have up to an order of magnitude larger SSFR, compared to obser-
vations. We here argue that boosts in star formation, triggered by frequent mergers at
z >∼ 4, can produce high enough star formation rates in low mass galaxies to enhance
the SSFR to the observed range. We introduce an empirical power-law scaling for the
star formation efficiency during mergers, which allows us to capture both the boost in
star formation at low masses and the quenching at high masses, and at the same time
produce a constant SSFR-stellar mass relation at z >∼ 4. Our results suggest that ob-
served high-z galaxies with high SSFR are likely to be frequently interacting systems,
which experienced a burst in their star formation rate, in contrast to low redshift z <∼ 3
galaxies which are cold accretion-regulated star forming systems. In this picture, the
α/Fe enhancements found for massive galaxies are generated during the high SSFR
phase in those smaller precursor systems that underwent strong merging.

Key words: galaxies: formation – galaxies: high-redshift – galaxies: interactions –
galaxies: starburst

1 INTRODUCTION

The cosmic star formation rate in the universe is shaped by
the physical conditions that govern the growth of galaxies.
An initial, probably short-lived, t ∼ 106 yr, episode of pop-
ulation III-dominated star formation at z ∼ 15 (e.g. Maio et
al. 2010) is followed by a steady increase in cosmic popula-
tion II/I star formation activity that reaches a peak around
z ∼ 2 (Hopkins & Beacom 2006), coinciding with a peak
in the merger activity of galaxies (e.g. Khochfar & Burkert
2001; Conselice et al. 2008; Khochfar & Silk 2009a). The
steady decline at lower redshifts is quite strong, however,
allowing for ∼ 50% of the present-day stellar mass to have
been formed between z = 0 and 1 (Pérez-González et al.
2008).

Within the hierarchical ΛCDM framework, the initial
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increase in the cosmic star formation is closely linked to
the growth of the hosting dark matter haloes. The short
cooling time-scale of halo gas favours efficient fuelling of star
formation in galaxies, in particular at high redshifts and
in dark matter haloes with Mvir

<∼ 1012 M! (e.g. Binney
1977; Silk 1977; Rees & Ostriker 1977; Birnboim & Dekel
2003). More massive haloes at z > 2 however, reveal efficient
feeding of their central galaxies as well. Cold streams of gas
that enter the virial radius along cosmic filaments penetrate
through the diffuse hot halo gas and reach the potential
minimum of the halo (Kereš et al. 2005; Ocvirk et al. 2008;
Dekel et al. 2009). Massive galaxies at z ∼ 2 show gas-to-
stellar mass ratios of order unity suggesting that cold flows
could indeed be a very efficient means of providing gas to
galaxies (Daddi et al. 2010; Tacconi et al. 2010).

At z < 2, cold streams in massive haloes cease to ex-
ist and feedback effects control the cosmic star formation
(e.g. Schaye et al. 2010) (see however, Bouche et al. 2009).
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ABSTRACT
Star formation rate and accummulated stellar mass are two fundamental physical
quantities that describe the evolutionary state of a forming galaxy. Two recent at-
tempts to determine the relationship between these quantities, by interpreting a sam-
ple of star-forming galaxies at redshift of z ∼ 4, have led to opposite conclusions. We
use a model galaxy population to investigate possible causes for this discrepancy and
conclude that minor errors in the conversion from observables to physical quantities
can lead to major misrepresentation when applied without awareness of sample se-
lection. We also investigate, in a general way, the physical origin of the correlation
between star formation rate and stellar mass within hierarchical galaxy formation
theory.

1 INTRODUCTION

As more distant galaxy populations become accessible to
modern surveys, astronomers are striving to estimate their
physical properties, despite the challenges inherent in such
pioneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star forma-
tion activity of its source, providing valuable stepping stones
on which our physical picture of structure formation can
progress.

For example, Stark et al. (2009) produced estimates of
stellar mass for 1038 galaxies from the the GOODS survey,
grouped into three populations by redshift: z ≈ 4, 5 and 6.
These stellar masses were estimated using a population syn-
thesis model (Bruzal & Charlot 2003; Bruzal 2007) which
searches for the stellar population which best fits the ob-
served spectral energy distribution of each galaxy (see §3.4).

Star formation rates were specifically not derived for
this sample, because of uncertainties in the extinction cor-
rection. In lieu of this, the galaxies’ “emerging” UV lumi-
nosities were computed (the luminosity at 1550Å without
any dust correction). However, figure 9 of Stark et al. (2009)
does include the star formation rates that would be inferred
if a standard proportionality between UV luminosity and
star formation rate were assumed (Madau, Pozzetti & Dick-
inson 1998, see Appendix B). This figure, for the galaxies in
the nearest of the three samples, is reproduced for reference
in the upper panel of our Fig 1.

Despite only a fleeting appearance in the observational
paper, these star formation rate estimates have since been
the subject of quite detailed theoretical analysis. Dutton et
al. (2010) summarise the trend given by the sample in Fig.1
as:
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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ABSTRACT
As the frontier of galactic observations expands, there is a tendency to hastily adjust
or propose physical pictures to accommodate each new glimpse of history. Do the very
latest sightings really provide a suitable testing ground for theories of galaxy forma-
tion and star formation? We confront this question by considering a model galaxy
population from which a recent observational sample could feasibly have been drawn.
By following the mapping from a “true” population, to its appearance in an obser-
vational survey, and then to the inferred population, we highlight the potential to
conclude the existence of wildly unrepresentative trends in physical properties such
as star formation rate and stellar mass. This exercise also provides an opportunity to
clarify the physical origin of the trend between these two fundamental properties.

1 INTRODUCTION

As more distant galaxy populations become visible to mod-
ern surveys, astronomers are striving to estimate their phys-
ical properties, despite the challenges inherent to such pi-
oneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star formation
activity of its source, providing valuable stepping stones on
which our physical picture of the universe can progress.

For example, the GOODS survey (Stark et al. 2009),
covering redshifts, z ≈ 4 up to z ≈ 7, produced estimates
of stellar mass and star formation rates for over 2000 [ex-
act number] galaxies, grouped by redshift into three pop-
ulations. The estimates for the closest of the three groups
groups (z ∼ 4), are shown for reference here in Fig. 1.

Stellar masses were estimated using a population syn-
thesis model model (Bruzal & Charlot 2003; Bruzal 2007)
which finds the stellar population which best fits the ob-
served spectral energy distribution of each galaxy. Star for-
mation rates are assumed to be directly proportional to UV
luminosity. These techniques and assumptions are reviewed
in more detail in §A.

These sample this comprises has already been subject to
theoretical analysis. Dutton, van den Bosch & Dekel (2010)
summarise the trend given by the sample in Fig.1 as:

Ṁ!

M!
≈ 1

0.62 Gyr

(
M!

1010M!

)−0.2

, (1)

which says that the specific star formation rate (Ṁ!/M!)
is only weakly dependant on the stellar mass. Meanwhile,
when studying the same sample of observational estimates,
Khochfar & Silk (2010) set out:

“To recover the strong observed mass-dependance of the
specific star formation rate...”
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift z ∼ 4 by Stark et
al. (2009). The upper panel plots the star formation rate as the
y-axis, the lower panel plots the specific star formation rate. The
dashed line indicates the trend (1) that was inferred from these
estimates by Dutton, van den Bosch & Dekel (2010)
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ABSTRACT
We use a semi-analytic model for disk galaxies to explore the origin of the time evolution
and small scatter of the galaxy SFR sequence – the tight correlation between star formation
rate (SFR) and stellar mass (Mstar). The steep decline of SFR from z ∼ 2 to the present, at
fixed Mstar, is a consequence of the following. First, disk galaxies are in a steady state with the
SFR following the net (i.e. inflow minus outflow) gas accretion rate. The evolution of the SFR
sequence is determined by evolution in the cosmological specific accretion rates, ∝ (1 + z)2.25,
but is found to be independent of feedback. Although feedback determines the outflow rates, it
shifts galaxies along the SFR sequence, leaving its zero-point invariant. Second, the conversion
of accretion rate to SFR is materialized through gas density, not gas mass. Although the model
SFR is an increasing function of both gas mass fraction and gas density, only the gas densities
are predicted to evolve significantly with redshift. Third, star formation is fueled by molecular
gas. Since the molecular gas fraction increases monotonically with increasing gas density,
the model predicts strong evolution in the molecular gas fractions, increasing by an order of
magnitude from z = 0 to z ∼ 2. On the other hand, the model predicts that the effective surface
density of atomic gas is ∼10 M# pc−2, independent of redshift, stellar mass or feedback. Our
model suggests that the scatter in the SFR sequence reflects variations in the gas accretion
history, and thus is insensitive to stellar mass, redshift or feedback. The large scatter in halo spin
contributes negligibly, because it scatters galaxies along the SFR sequence. An observational
consequence of this is that the scatter in the SFR sequence is independent of the size (both
stellar and gaseous) of galaxy disks.

Key words: galaxies: evolution – galaxies: formation – galaxies: fundamental parameters –
galaxies: haloes – galaxies: high-redshift – galaxies: spiral.

1 INTRODUCT I O N

Understanding the star formation history of the Universe is a ma-
jor goal of modern astronomy. Starting at redshift z = 0, the
comoving cosmic star formation rate (SFR) density (in units of
M# yr−1 Mpc−1) rises by an order of magnitude to z % 1 (e.g. Lilly
et al. 1996; Schiminovich et al. 2005; Hopkins & Beacom 2006;
Villar et al. 2008; Sobral et al. 2009), reaches a peak around z %
2 and declines to higher redshifts (Madau, Pozzetti & Dickinson
1998; Bouwens et al. 2008; Pérez-González et al. 2008).
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A number of studies have shown that the decline in the comoving
cosmic SFR density from z % 1 to the present is not due to a decline
in the major merger rate (Bell et al. 2005; Melbourne, Koo & Le
Floc’h 2005; Wolf et al. 2005; Lotz et al. 2008; Sobral et al. 2009).
Rather, since the majority of all stars seem to form in galactic disks
(at least below z % 2), it is generally believed that the drop in
comoving cosmic SFR density from z % 1 to the present is related
to ‘quiescent’ processes, e.g. gas consumption and/or a reduced rate
of accretion of fresh gas from the cosmic web.

Great progress is currently being made in measuring molecular
gas masses in high redshift galaxies (e.g. Tacconi et al. 2006, 2008,
2010; Daddi et al. 2008, 2010). These studies indicate that the ra-
tio between molecular gas and stellar mass was higher in the past.
However, uncertainty in the conversion factor between CO lumi-
nosity and molecular gas mass limits the current accuracy of these
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ABSTRACT
We study the specific star formation rate (SSFR) and its evolution at z >∼ 4, in mod-
els of galaxy formation, where the star formation is driven by cold accretion flows.
We show that constant star formation and feedback efficiencies cannot reproduce the
observed trend of SSFR with stellar mass and its observed lack of evolution at z > 4.
The combination of smaller accretion rates and the fact that a larger fraction of the
gas reservoir is used up leads to no significant increase in the SSFR, even for large star
formation efficiencies. Model galaxies with M∗

<∼ 109 M" show systematically lower
specific star formation rates by orders of magnitudes, while massive galaxies with
M∗

>∼ 5×1010 M" have up to an order of magnitude larger SSFR, compared to obser-
vations. We here argue that boosts in star formation, triggered by frequent mergers at
z >∼ 4, can produce high enough star formation rates in low mass galaxies to enhance
the SSFR to the observed range. We introduce an empirical power-law scaling for the
star formation efficiency during mergers, which allows us to capture both the boost in
star formation at low masses and the quenching at high masses, and at the same time
produce a constant SSFR-stellar mass relation at z >∼ 4. Our results suggest that ob-
served high-z galaxies with high SSFR are likely to be frequently interacting systems,
which experienced a burst in their star formation rate, in contrast to low redshift z <∼ 3
galaxies which are cold accretion-regulated star forming systems. In this picture, the
α/Fe enhancements found for massive galaxies are generated during the high SSFR
phase in those smaller precursor systems that underwent strong merging.

Key words: galaxies: formation – galaxies: high-redshift – galaxies: interactions –
galaxies: starburst

1 INTRODUCTION

The cosmic star formation rate in the universe is shaped by
the physical conditions that govern the growth of galaxies.
An initial, probably short-lived, t ∼ 106 yr, episode of pop-
ulation III-dominated star formation at z ∼ 15 (e.g. Maio et
al. 2010) is followed by a steady increase in cosmic popula-
tion II/I star formation activity that reaches a peak around
z ∼ 2 (Hopkins & Beacom 2006), coinciding with a peak
in the merger activity of galaxies (e.g. Khochfar & Burkert
2001; Conselice et al. 2008; Khochfar & Silk 2009a). The
steady decline at lower redshifts is quite strong, however,
allowing for ∼ 50% of the present-day stellar mass to have
been formed between z = 0 and 1 (Pérez-González et al.
2008).

Within the hierarchical ΛCDM framework, the initial
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increase in the cosmic star formation is closely linked to
the growth of the hosting dark matter haloes. The short
cooling time-scale of halo gas favours efficient fuelling of star
formation in galaxies, in particular at high redshifts and
in dark matter haloes with Mvir

<∼ 1012 M! (e.g. Binney
1977; Silk 1977; Rees & Ostriker 1977; Birnboim & Dekel
2003). More massive haloes at z > 2 however, reveal efficient
feeding of their central galaxies as well. Cold streams of gas
that enter the virial radius along cosmic filaments penetrate
through the diffuse hot halo gas and reach the potential
minimum of the halo (Kereš et al. 2005; Ocvirk et al. 2008;
Dekel et al. 2009). Massive galaxies at z ∼ 2 show gas-to-
stellar mass ratios of order unity suggesting that cold flows
could indeed be a very efficient means of providing gas to
galaxies (Daddi et al. 2010; Tacconi et al. 2010).

At z < 2, cold streams in massive haloes cease to ex-
ist and feedback effects control the cosmic star formation
(e.g. Schaye et al. 2010) (see however, Bouche et al. 2009).

c© 2010 RAS

Putting the same data on different axes, 
Kockfar & Silk (2009) conclude something different:

2 Khochfar & Silk

Different feedback sources are also held responsible for shap-
ing the mass function (e.g. Dekel & Silk 1986; Benson et al.
2003; Croton et al. 2006; Khochfar et al. 2007; Oppenheimer
et al. 2010) or the colours of galaxies (e.g. Kang et al. 2005;
Cattaneo et al. 2006; Dekel & Birnboim 2006; Khochfar &
Ostriker 2008).

The importance of cold accretion for the star forma-
tion rate of galaxies has recently been the subject of vari-
ous semi-analytic studies, which show that the evolution of
the specific star formation rate (SSFR) of galaxies can be
reproduced at z <∼ 4 (Khochfar & Silk 2009b; Bouche et al.
2009; Kang et al. 2010). However, these models fail to repro-
duce the observed SSFR of galaxies at z > 4 (Bouche et al.
2009), where in particular the SSFR is approximately con-
stant (Stark et al. 2009; González et al. 2010). One option is
that a second mode of star formation enters at high redshift,
perhaps driven by mergers, in contrast to the canonical cold
gaseous disk instability model that elegantly reproduces the
Schmidt-Kennicutt star formation relation at z <∼ 2.

In this Letter, we address the question whether it is pos-
sible to reconcile observations of specific star formation rates
at z > 4 with simple models of accretion-driven star forma-
tion at high-z. We focus on the question how star formation
needs to be modulated to accomplish this task and derive
empirical scaling relations for the star formation efficiency
in galaxies at high z.

2 MODEL

The basic modelling approach we follow is similar to Neis-
tein & Weinmann (2010) and Bouche et al. (2009). We ap-
proximate the accretion rate of cold gas onto central galax-
ies by Ṁacc = fbṀDM , with fb = 0.165 as the univer-
sal baryon fraction and MDM the dark matter halo mass
(Dekel et al. 2009). To simplify matters even more, we ap-
proximate the dark matter growth rate by an analytic fit
ṀDM (z) ≈ 6.6f−1

b M1.15
12 (1 + z)2.25 M" yr−1 (Neistein et

al. 2006). Here M12 is the dark matter halo mass in units
of 1012 M". Once the gas accretion rate as a function of
time is known, one can calculate the gas mass in the cen-
tral galaxy of a given dark matter halo. We assume that the
gas settles onto a rotationally-supported disc hosted by an
isothermal halo using the model of Mo et al. (1998), and
convert the gas into stars using a global Schmidt-Kennicutt
law Ṁ∗ = α∗Mgas/tdyn (Kennicutt 1998). The fiducial value
for the star formation efficiency is set to α∗ = 0.02 (Ken-
nicutt 1998) and the dynamical time of the disc, tdyn, is
calculated using the disc model in Mo et al. (1998). Besides
models with constant α∗ we also investigate models with
more general efficiencies that depend on the halo velocity
dispersion. The feedback effects from supernovae onto the
cold gas reservoir are included using the approach in Kauff-
mann et al. (1999) with ṀSN = εESNmIMF Ṁ∗/V 2

c . The
energy per supernova is ESN = 1051 ergs, mIMF = 1/150
M−1
" is the number of type-II supernovae per solar mass

stars formed assuming a Chabrier IMF, Ṁ∗ the star forma-
tion rate, Vc the halo circular velocity and ε is the feedback
efficiency for which we assume a fiducial value of ε = 0.2.
The gas reheated by supernovae feedback contributes to the
hot halo and we assume that it does not cool down by z = 4.
Numerical simulations suggest that most gas in galaxies in-

Figure 1. The specific star formation rate as a function of stellar
mass. Each individual line shows the growth history of the central
galaxy within a halo under the assumptions of the fiducial model.
The initial halo masses at z = 20 span a range from 107 − 1010

M". The solid black circles and open circles show the model SSFR
at z = 4 and z = 6, respectively. The red and blue symbols show
the observed data from Stark et al. (2009) at these redshifts.
Dashed lines show lines of constant specific SSFR for 500, 100
and 10 M"/yr. The solid horizontal line marks the inverse age of
the universe at z = 4.

deed never reheats before joining it (Kereš et al. 2009). In
the following we show our results for solving the differential
equations for the evolution of the stellar mass M∗, the cold
gas mass Ṁgas = Ṁacc−Ṁ∗−ṀSN , and star formation rate
Ṁ∗, by explicitly following the dark matter growth ṀDM as
a function of time using the fitting formulae given above.
We set our initial conditions at z = 20 to M∗ = Mgas = 0.

3 RESULTS

In Fig. 1 we show the predicted SSFR of galaxies for the
fiducial model. Our results show the same trend as the non-
accretion floor model of Bouche et al. (2009). Applying an
accretion floor of MDM = 1011 M", below which no cold
accretion occurs, gives good agreement with observed data
at z < 3, but suppresses the formation of enough low mass
galaxies at z > 5. For this reason we do not apply an accre-
tion floor, and allow gas accretion in halos of all mass. The
trend in SSFR is in stark contrast to the observed data.
Most strikingly, low mass galaxies of M∗

<∼ 109 M" show
orders of magnitudes too low star formation rates, while
massive galaxies with M∗

>∼ 5 × 1010 M" show an order of
magnitude too high star formation rates. Independently of
these failures, the time-scales of the inverse SSFRs at z = 4
are smaller than the age of the universe, indicating efficient
early formation. As pointed out earlier, within this model
we cannot easily reproduce a non-evolving SSFR at z > 4.

We tested the behaviour of the SSFR for various star
formation and feedback efficiencies. In general, increasing
α∗ leads to an increase in the stellar mass of galaxies within
halos, and a lower SSFR. The latter is directly related to the
scaling of the accretion rate with halo mass Ṁacc ∝ M1.15

DM

and the lower reservoir of remaining gas in galaxies. The
same trend is found for reducing the feedback efficiency ε.
SSFRs drop as galaxies form more easily and now live in less
massive halos.

To recover the strong observed mass-dependence of the
SSFR, we propose a relation in which the star formation effi-
ciency is a power-law of the halo velocity dispersion. Such a
model has been recently suggested in Silk & Norman (2009).
In this model, gas porosity is a key ingredient for enhancing
supernova feedback and regulating star formation. Low tur-
bulent pressure in low mass systems leads to high porosity
and more gas blow-out from the disk. However the bulk of
the gas does not escape from the halo. By building up the
reservoir of gas clouds in the halo, the gas is available for an
eventual merger to effectively torque and compress the gas,
and enhance the star formation efficiency. In the absence of a
merger, as might be the case at low redshift, it is the massive
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ABSTRACT
Star formation rate and accummulated stellar mass are two fundamental physical
quantities that describe the evolutionary state of a forming galaxy. Two recent at-
tempts to determine the relationship between these quantities, by interpreting a sam-
ple of star-forming galaxies at redshift of z ∼ 4, have led to opposite conclusions. We
use a model galaxy population to investigate possible causes for this discrepancy and
conclude that minor errors in the conversion from observables to physical quantities
can lead to major misrepresentation when applied without awareness of sample se-
lection. We also investigate, in a general way, the physical origin of the correlation
between star formation rate and stellar mass within hierarchical galaxy formation
theory.

1 INTRODUCTION

As more distant galaxy populations become accessible to
modern surveys, astronomers are striving to estimate their
physical properties, despite the challenges inherent in such
pioneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star forma-
tion activity of its source, providing valuable stepping stones
on which our physical picture of structure formation can
progress.

For example, Stark et al. (2009) produced estimates of
stellar mass for 1038 galaxies from the the GOODS survey,
grouped into three populations by redshift: z ≈ 4, 5 and 6.
These stellar masses were estimated using a population syn-
thesis model (Bruzal & Charlot 2003; Bruzal 2007) which
searches for the stellar population which best fits the ob-
served spectral energy distribution of each galaxy (see §3.4).

Star formation rates were specifically not derived for
this sample, because of uncertainties in the extinction cor-
rection. In lieu of this, the galaxies’ “emerging” UV lumi-
nosities were computed (the luminosity at 1550Å without
any dust correction). However, figure 9 of Stark et al. (2009)
does include the star formation rates that would be inferred
if a standard proportionality between UV luminosity and
star formation rate were assumed (Madau, Pozzetti & Dick-
inson 1998, see Appendix B). This figure, for the galaxies in
the nearest of the three samples, is reproduced for reference
in the upper panel of our Fig 1.

Despite only a fleeting appearance in the observational
paper, these star formation rate estimates have since been
the subject of quite detailed theoretical analysis. Dutton et
al. (2010) summarise the trend given by the sample in Fig.1
as:

1

10

100

0.01

0.1
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10
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift, z ≈ 4 by Stark
et al. (2009). The upper panel shows the star formation rate as
the y-axis, and it is on these axis that the trend indicated by the
dashed line (1) was found to fit the data by Dutton et al. (2010).
The lower panel shows the specific star formation rate as the
y-axis. In this plane, a quite different correlation is apparent, as
noted by Khochfar & Silk (2010). The red dotted line shows the
completeness limit in UV magnitude.
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ABSTRACT
As the frontier of galactic observations expands, there is a tendency to hastily adjust
or propose physical pictures to accommodate each new glimpse of history. Do the very
latest sightings really provide a suitable testing ground for theories of galaxy forma-
tion and star formation? We confront this question by considering a model galaxy
population from which a recent observational sample could feasibly have been drawn.
By following the mapping from a “true” population, to its appearance in an obser-
vational survey, and then to the inferred population, we highlight the potential to
conclude the existence of wildly unrepresentative trends in physical properties such
as star formation rate and stellar mass. This exercise also provides an opportunity to
clarify the physical origin of the trend between these two fundamental properties.

1 INTRODUCTION

As more distant galaxy populations become visible to mod-
ern surveys, astronomers are striving to estimate their phys-
ical properties, despite the challenges inherent to such pi-
oneering tasks. Light which barely registers on our instru-
ments is analysed to infer the stellar mass and star formation
activity of its source, providing valuable stepping stones on
which our physical picture of the universe can progress.

For example, the GOODS survey (Stark et al. 2009),
covering redshifts, z ≈ 4 up to z ≈ 7, produced estimates
of stellar mass and star formation rates for over 2000 [ex-
act number] galaxies, grouped by redshift into three pop-
ulations. The estimates for the closest of the three groups
groups (z ∼ 4), are shown for reference here in Fig. 1.

Stellar masses were estimated using a population syn-
thesis model model (Bruzal & Charlot 2003; Bruzal 2007)
which finds the stellar population which best fits the ob-
served spectral energy distribution of each galaxy. Star for-
mation rates are assumed to be directly proportional to UV
luminosity. These techniques and assumptions are reviewed
in more detail in §A.

These sample this comprises has already been subject to
theoretical analysis. Dutton, van den Bosch & Dekel (2010)
summarise the trend given by the sample in Fig.1 as:

Ṁ!

M!
≈ 1

0.62 Gyr

(
M!

1010M!

)−0.2

, (1)

which says that the specific star formation rate (Ṁ!/M!)
is only weakly dependant on the stellar mass. Meanwhile,
when studying the same sample of observational estimates,
Khochfar & Silk (2010) set out:

“To recover the strong observed mass-dependance of the
specific star formation rate...”
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Figure 1. The estimated star formation rates and stellar masses
for a population of galaxies observed at redshift z ∼ 4 by Stark et
al. (2009). The upper panel plots the star formation rate as the
y-axis, the lower panel plots the specific star formation rate. The
dashed line indicates the trend (1) that was inferred from these
estimates by Dutton, van den Bosch & Dekel (2010)
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Dutton et al. (2010) think we can see
the following correlation:

Correlations. Very dangerous...
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ABSTRACT
Using new and published data, we construct a sample of 160 brightest cluster galaxies
(BCGs) spanning the redshift interval 0.03 < z < 1.63. We use this sample, which
covers 70% of the history of the universe, to measure the growth in the stellar mass of
BCGs after correcting for the correlation between the stellar mass of the BCG and the
mass of the cluster in which it lives. We find that the stellar mass of BCGs increase
by a factor of 1.8± 0.3 between z = 0.9 and z = 0.2. Compared to earlier works, our
result is closer to the predictions of semi-analytic models. However, BCGs at z = 0.9,
relative to BCGs at z = 0.2, are still a factor of 1.5 more massive than the predictions
of these models. Star formation rates in BCGs at z ∼ 1 are generally too low to result
in significant amounts of mass. Instead, it is likely that most of the mass build up
occurs through mainly dry mergers in which perhaps half of the mass is lost to the
intra-cluster medium of the cluster.

Key words: galaxies: clusters: general – galaxies: evolution – galaxies: high-redshift
– cosmology: observations

1 INTRODUCTION

Brightest Cluster Galaxies (BCGs) are amongst the largest,
most luminous and most massive galaxies in the universe at
the present epoch. Located in the cores of rich galaxy clus-
ters, BCGs are easy to identify, both observationally and
in simulations. They can also be observed at a time when
the universe was less than a third of its current age. They
therefore provide an attractive target for testing our under-
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standing of the processes that drive galaxy evolution, albeit
in the most massive galaxies of the universe.

In the hierarchical scenario for the formation of struc-
ture in our universe, galaxies start off as small fluctuations
in the density of matter and build up their stellar mass
over time by converting material accreted from their sur-
roundings into stars and by merging with other galaxies (see
Baugh 2006, for a review). In semi-analytic models that use
the hierarchical scenario as their foundation, the stellar mass
of a BCG increases significantly with time. For example, be-
tween redshift z = 1.0 (corresponding to a look-back time of
6.7Gyr) to z = 0, the semi-analytic model described in De
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(BCGs) spanning the redshift interval 0.03 < z < 1.63. We use this sample, which
covers 70% of the history of the universe, to measure the growth in the stellar mass of
BCGs after correcting for the correlation between the stellar mass of the BCG and the
mass of the cluster in which it lives. We find that the stellar mass of BCGs increase
by a factor of 1.8± 0.3 between z = 0.9 and z = 0.2. Compared to earlier works, our
result is closer to the predictions of semi-analytic models. However, BCGs at z = 0.9,
relative to BCGs at z = 0.2, are still a factor of 1.5 more massive than the predictions
of these models. Star formation rates in BCGs at z ∼ 1 are generally too low to result
in significant amounts of mass. Instead, it is likely that most of the mass build up
occurs through mainly dry mergers in which perhaps half of the mass is lost to the
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1 INTRODUCTION

Brightest Cluster Galaxies (BCGs) are amongst the largest,
most luminous and most massive galaxies in the universe at
the present epoch. Located in the cores of rich galaxy clus-
ters, BCGs are easy to identify, both observationally and
in simulations. They can also be observed at a time when
the universe was less than a third of its current age. They
therefore provide an attractive target for testing our under-
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standing of the processes that drive galaxy evolution, albeit
in the most massive galaxies of the universe.

In the hierarchical scenario for the formation of struc-
ture in our universe, galaxies start off as small fluctuations
in the density of matter and build up their stellar mass
over time by converting material accreted from their sur-
roundings into stars and by merging with other galaxies (see
Baugh 2006, for a review). In semi-analytic models that use
the hierarchical scenario as their foundation, the stellar mass
of a BCG increases significantly with time. For example, be-
tween redshift z = 1.0 (corresponding to a look-back time of
6.7Gyr) to z = 0, the semi-analytic model described in De
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Figure 4. The correlation between the mass of the cluster at
the epoch at which it was observed and the stellar mass of the
BCG. The different symbols represent different redshift ranges.
The solid line is a fit to the data. Setting the index of the power
law to the value reported in Hansen et al. (2009) results in a
poorer fit to the data (dashed line).

who find 1.3±0.1. Some of the difference between our results
and those in Stott et al. (2010, 2012) come from the way the
samples are selected and the way the analysis is performed.
Our best fit index is about a factor of two smaller than those
reported in earlier works (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008; Hansen et al. 2009). For exam-
ple, Hansen et al. (2009), find an index of 3.3 between the
i-band luminosity (k-corrected to z = 0.25) and M200. We
redid the fit with the index constrained to this value. The
resulting relation is shown in Fig. 4 as the dashed line. It is
a poorer fit to the data.

Our fit to the entire sample seems to be largely driven
by the clusters in the high-redshift subsample, whereas most
of the clusters in Hansen et al. (2009) were at low redshift.
This raises the possibility that there is evolution in the index
of the power law with redshift. Alternatively, the difference
might be caused by redshift-dependent selection effects. In
accounting for cluster masses in the following sections, we
adopt a conservative approach and examine how our results
depend on which index we choose to use. We will find that
our conclusions are robust to this choice.

5.3.3 Accounting for cluster masses

As foreshadowed earlier, we use two approaches to account
for the correlation between cluster mass and BCG stellar
mass. We discuss the first approach in this section and dis-
cuss the second approach in the section that follows.

In the first approach, we randomly select clusters from
the three subsamples until the mass histograms12 of the sub-
samples match. Clusters are matched according to the mass
they will have by the current epoch. Implicit in this ap-
proach is the method we use to estimate how clusters build
up their mass with time.

We cannot match all three subsamples simultaneously,

12 We use a bin size of 2× 1014 and we use the mass the clusters
are likely to have by today.
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Figure 5. Upper Panel A histogram showing the distributions
of cluster mass (extrapolated to the current epoch) for the low
and high-redshift subsamples. The median masses are marked
with the downward pointing arrows. Note how the median mass
of the two distributions differ and how skewed the low redshift
subsample is with respect to the high-redshift one. Lower two
panels Histograms of the re-sampled low and high-redshift sub-
samples. They are resampled so that they are identical for a bin
width of 2×1014 M!. The median masses, marked with the down-
ward pointing arrows, are now more similar. There are 23 objects
in the lower two histograms.

because trying to get all the histograms to match would
result in very few objects per subsample. Instead we compare
the low-redshift subsample with the intermediate and high-
redshift subsamples separately. The method is illustrated in
Fig. 5 for the comparison between the low and high-redshift
subsamples.

In order to get a measure of the uncertainties in the
derived mass ratios, we do two things. We first perturb the
cluster mass by an amount that depends on two sources of
error: the uncertainty in the measurement of the mass proxy
(X–ray temperature, X–ray gas mass, X-ray luminosity or
line–of–sight velocity dispersion) and the intrinsic scatter
between the mass proxy and the mass. For masses that are
determined from the X-ray gas mass or the X-ray temper-
ature, we assign a scatter of 15% (Mantz et al. 2010). For
masses determined from the line-of-sight velocity dispersion,
we assign a scatter of 30% (Hicks et al. 2006). For masses
inferred from the X–ray luminosity, we use 50%, which we
derived earlier. The magnitude of the perturbation is drawn
from a lognormal distribution. The s.d. of the distribution
is set equal to the two uncertainties added in quadrature.

Secondly, we resample the three subsamples with re-
placement (bootstrap resampling) to allow for uncertainties
that come from sample size. Only then do we try to match
the histograms in the three subsamples. We repeat this exer-
cise 100 times for each comparison to create 200 realisations
from the data. For each realisation, we compute the median
BCG stellar mass, the median cluster mass and median red-
shift. For each comparison, we then average the results from
the 100 realisations and get an estimate of the robustness of
the results from the variance. The results of the comparisons
are listed in Table 8 and shown in Fig. 6. The uncertainty in
the last column in Table 8 is computed from the 100 realisa-
tions and gives an indication of the robustness of the result.
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ABSTRACT
The formation of galaxies is regulated by a balance between the supply of gas and the rate
at which it is ejected. Traditional explanations of gas ejection equate the energy required to
escape the galaxy or host halo to an estimate for the energy yield from supernovae. This
yield is usually assumed to be a constant fraction of the total available from the supernova,
or is derived from the assumption of a consistent momentum yield. By applying these ideas
in the context of a cold dark matter cosmogony, we derive a first-order analytic connection
between these working assumptions and the expected relationship between baryon content
and galaxy circular velocity, and find that these quick predictions straddle recent observational
estimates. To examine the premises behind these theories in more detail, we then explore their
applicability to a set of gasdynamical simulations of idealized galaxies. We show that different
premises dominate to differing degrees in the simulated outflow, depending on the mass of
the system and the resolution with which it is simulated. Using this study to anticipate the
emergent behaviour at arbitrarily high resolution, we motivate more comprehensive analytic
model which allows for the range of velocities with which the gas may exit the system, and
incorporates both momentum and energy-based constraints on the outflow. Using a trial exit
velocity distribution, this is shown to be compatible with the observed baryon fractions in
intermediate-mass systems, but implies that current estimates for low-mass systems cannot be
solely accounted for by supernova winds under commonly held assumptions.
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formation.

1 IN T RO DUCTION

Any viable theory of the formation and evolution of galaxies should
be able to account for the mass of baryons contained, or rather
not contained, in the massive collapsed regions that host galaxies.
Observational constraints on the location of baryons in the Universe
imply that the fraction within these ‘haloes’ can be many times less
than the cosmic baryon fraction, f b ≈ 0.17 (e.g. Komatsu et al.
2011), and that the extent of the deficit is clearly dependent on the
host’s mass. This can be seen from the estimated baryonic and total
masses from seven separate surveys which were collected together
in one figure in the review by McGaugh et al. (2010); data which
are reproduced here in our Fig. 1.

The established explanation for this deficit, dating from long
before such observational data were available, is that baryons can
be driven from the galaxies – and their host haloes – by supernovae
explosions (Matthews & Baker 1971). This account is based on
the premise that the energy required to escape the galaxies’ gravity

!E-mail: martin.stringer@obspm.fr

is readily available from the supernovae. Because the gravitational
potential barrier will increase with host halo mass, the fraction of the
supernova-driven wind which escapes might intuitively be expected
to be greater for lower mass systems, and this does indeed seem to
be qualitatively upheld by the mass dependence seen in the modern
data.

A more quantitative version of this theory was then developed by
Larson (1974), who equated this potential barrier with an estimate
of the energy yield per supernova (and hence per mass of stars
formed). In Section 2, we review the arguments in this classic theory
and, by updating the basic premises to include a cold dark matter
(CDM) component in the haloes, show how it leads to the first-order
theoretical predictions for baryon fractions which are overlaid with
the observational estimates in Fig. 1. We also take the opportunity
to contrast the scaling expected from the traditional assumption, of
consistent energy conversion to the ejected material (Section 2.1),
with the alternative working assumption of a consistent momentum
yield (Section 2.2).

We then go on, in Section 3, to investigate how modern simula-
tions of disc galaxies relate to these analytic theories, using aspects
of the theory to understand the behaviour which emerges from
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Figure 4. The correlation between the mass of the cluster at
the epoch at which it was observed and the stellar mass of the
BCG. The different symbols represent different redshift ranges.
The solid line is a fit to the data. Setting the index of the power
law to the value reported in Hansen et al. (2009) results in a
poorer fit to the data (dashed line).

who find 1.3±0.1. Some of the difference between our results
and those in Stott et al. (2010, 2012) come from the way the
samples are selected and the way the analysis is performed.
Our best fit index is about a factor of two smaller than those
reported in earlier works (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008; Hansen et al. 2009). For exam-
ple, Hansen et al. (2009), find an index of 3.3 between the
i-band luminosity (k-corrected to z = 0.25) and M200. We
redid the fit with the index constrained to this value. The
resulting relation is shown in Fig. 4 as the dashed line. It is
a poorer fit to the data.

Our fit to the entire sample seems to be largely driven
by the clusters in the high-redshift subsample, whereas most
of the clusters in Hansen et al. (2009) were at low redshift.
This raises the possibility that there is evolution in the index
of the power law with redshift. Alternatively, the difference
might be caused by redshift-dependent selection effects. In
accounting for cluster masses in the following sections, we
adopt a conservative approach and examine how our results
depend on which index we choose to use. We will find that
our conclusions are robust to this choice.

5.3.3 Accounting for cluster masses

As foreshadowed earlier, we use two approaches to account
for the correlation between cluster mass and BCG stellar
mass. We discuss the first approach in this section and dis-
cuss the second approach in the section that follows.

In the first approach, we randomly select clusters from
the three subsamples until the mass histograms12 of the sub-
samples match. Clusters are matched according to the mass
they will have by the current epoch. Implicit in this ap-
proach is the method we use to estimate how clusters build
up their mass with time.

We cannot match all three subsamples simultaneously,

12 We use a bin size of 2× 1014 and we use the mass the clusters
are likely to have by today.
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Figure 5. Upper Panel A histogram showing the distributions
of cluster mass (extrapolated to the current epoch) for the low
and high-redshift subsamples. The median masses are marked
with the downward pointing arrows. Note how the median mass
of the two distributions differ and how skewed the low redshift
subsample is with respect to the high-redshift one. Lower two
panels Histograms of the re-sampled low and high-redshift sub-
samples. They are resampled so that they are identical for a bin
width of 2×1014 M!. The median masses, marked with the down-
ward pointing arrows, are now more similar. There are 23 objects
in the lower two histograms.

because trying to get all the histograms to match would
result in very few objects per subsample. Instead we compare
the low-redshift subsample with the intermediate and high-
redshift subsamples separately. The method is illustrated in
Fig. 5 for the comparison between the low and high-redshift
subsamples.

In order to get a measure of the uncertainties in the
derived mass ratios, we do two things. We first perturb the
cluster mass by an amount that depends on two sources of
error: the uncertainty in the measurement of the mass proxy
(X–ray temperature, X–ray gas mass, X-ray luminosity or
line–of–sight velocity dispersion) and the intrinsic scatter
between the mass proxy and the mass. For masses that are
determined from the X-ray gas mass or the X-ray temper-
ature, we assign a scatter of 15% (Mantz et al. 2010). For
masses determined from the line-of-sight velocity dispersion,
we assign a scatter of 30% (Hicks et al. 2006). For masses
inferred from the X–ray luminosity, we use 50%, which we
derived earlier. The magnitude of the perturbation is drawn
from a lognormal distribution. The s.d. of the distribution
is set equal to the two uncertainties added in quadrature.

Secondly, we resample the three subsamples with re-
placement (bootstrap resampling) to allow for uncertainties
that come from sample size. Only then do we try to match
the histograms in the three subsamples. We repeat this exer-
cise 100 times for each comparison to create 200 realisations
from the data. For each realisation, we compute the median
BCG stellar mass, the median cluster mass and median red-
shift. For each comparison, we then average the results from
the 100 realisations and get an estimate of the robustness of
the results from the variance. The results of the comparisons
are listed in Table 8 and shown in Fig. 6. The uncertainty in
the last column in Table 8 is computed from the 100 realisa-
tions and gives an indication of the robustness of the result.
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ABSTRACT
The formation of galaxies is regulated by a balance between the supply of gas and the rate
at which it is ejected. Traditional explanations of gas ejection equate the energy required to
escape the galaxy or host halo to an estimate for the energy yield from supernovae. This
yield is usually assumed to be a constant fraction of the total available from the supernova,
or is derived from the assumption of a consistent momentum yield. By applying these ideas
in the context of a cold dark matter cosmogony, we derive a first-order analytic connection
between these working assumptions and the expected relationship between baryon content
and galaxy circular velocity, and find that these quick predictions straddle recent observational
estimates. To examine the premises behind these theories in more detail, we then explore their
applicability to a set of gasdynamical simulations of idealized galaxies. We show that different
premises dominate to differing degrees in the simulated outflow, depending on the mass of
the system and the resolution with which it is simulated. Using this study to anticipate the
emergent behaviour at arbitrarily high resolution, we motivate more comprehensive analytic
model which allows for the range of velocities with which the gas may exit the system, and
incorporates both momentum and energy-based constraints on the outflow. Using a trial exit
velocity distribution, this is shown to be compatible with the observed baryon fractions in
intermediate-mass systems, but implies that current estimates for low-mass systems cannot be
solely accounted for by supernova winds under commonly held assumptions.
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1 IN T RO DUCTION

Any viable theory of the formation and evolution of galaxies should
be able to account for the mass of baryons contained, or rather
not contained, in the massive collapsed regions that host galaxies.
Observational constraints on the location of baryons in the Universe
imply that the fraction within these ‘haloes’ can be many times less
than the cosmic baryon fraction, f b ≈ 0.17 (e.g. Komatsu et al.
2011), and that the extent of the deficit is clearly dependent on the
host’s mass. This can be seen from the estimated baryonic and total
masses from seven separate surveys which were collected together
in one figure in the review by McGaugh et al. (2010); data which
are reproduced here in our Fig. 1.

The established explanation for this deficit, dating from long
before such observational data were available, is that baryons can
be driven from the galaxies – and their host haloes – by supernovae
explosions (Matthews & Baker 1971). This account is based on
the premise that the energy required to escape the galaxies’ gravity
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is readily available from the supernovae. Because the gravitational
potential barrier will increase with host halo mass, the fraction of the
supernova-driven wind which escapes might intuitively be expected
to be greater for lower mass systems, and this does indeed seem to
be qualitatively upheld by the mass dependence seen in the modern
data.

A more quantitative version of this theory was then developed by
Larson (1974), who equated this potential barrier with an estimate
of the energy yield per supernova (and hence per mass of stars
formed). In Section 2, we review the arguments in this classic theory
and, by updating the basic premises to include a cold dark matter
(CDM) component in the haloes, show how it leads to the first-order
theoretical predictions for baryon fractions which are overlaid with
the observational estimates in Fig. 1. We also take the opportunity
to contrast the scaling expected from the traditional assumption, of
consistent energy conversion to the ejected material (Section 2.1),
with the alternative working assumption of a consistent momentum
yield (Section 2.2).

We then go on, in Section 3, to investigate how modern simula-
tions of disc galaxies relate to these analytic theories, using aspects
of the theory to understand the behaviour which emerges from
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Figure 1. Galactic baryonic mass estimates from several publications,
shown as a function of the virialized host halo mass (estimated from ob-
served circular velocity or velocity dispersion). The lines show the simple
prediction of self-similarity (dashed line), the prediction based on consistent
conversion of supernovae energy to gravitational potential energy gain by the
escaped gas (solid line) and a similar prediction based on consistent momen-
tum yield (dotted line) using the values vw = vSN = 300 km s−1. This plot is
deliberately similar in layout to fig. 1 of McGaugh et al. (2010) and uses the
same conversion from characteristic speed to host halo mass: Mv/1012 M"
≈ (vc/187 km s−1)3. Round symbols represent rotationally supported discs,
where vc is the outermost measurement of circular velocity. Square sym-
bols represent pressure supported systems for which vc =

√
3σ is assumed,

where σ is the observed line-of-sight velocity dispersion.

these numerical experiments, depending on the parameters of the
simulated supernovae and the resolution with which the system is
simulated. This investigation is then used to motivate revisions to
the traditional premises and in Section 4 we present an alternative
derivation of the outflow which is built on more realistic assump-
tions, whilst keeping to the spirit of the original elegant theories.

2 THEO RETI CA L BACK GROUND

2.1 Consistent energy conversion

The earliest attempt to quantify the mass outflow due to supernova
was by Larson (1974). This brought the idea of Matthews & Baker
(1971) together with work on the evolution of supernova remnants
(Cox 1972) to estimate that 10 per cent of the original supernova
energy will be retained as thermal and kinetic energy in the gas,
a figure calculated by considering the energy that would still be
contained within supernova remnants at the point at which they
begin to overlap.

This point naturally depends on the conditions in the interstellar
medium, but by including two key properties (star formation rate
and gas density) as variables in the derivation, the final estimate
was shown to be sufficiently insensitive to variations in these con-

ditions that it was considered, ‘under most circumstances likely to
be encountered in practice’, accurate ‘to within about a factor of 2’.

This figure could then be incorporated into their model of gas
ejection under the additional premise:

‘... that all of the available energy of 0.1ESN is expended in
removing gas from the galaxy.’ (Larson 1974)

This premise can be expressed as the assumption of consistent
energy conversion, in that the energy yield is consistent from one
system to another and is all converted to the gravitational potential
energy gained by the gas in escaping the halo. This amounts to the
relation:

Mescv
2
c ≈ ηESN, (1)

where Mesc is the mass of ejected gas, vc is the characteristic veloc-
ity of the system (defined, for example, as the maximum circular
velocity) and η is the fraction of raw supernova energy, ESN, that is
converted into the energy gained by the gas. Assuming the super-
nova yield to be proportional to the mass of stars formed, M#, this
can be written as

Mesc ≈
(

vSN

vc

)2

M#

[
v2

SN ≡ ηESN

M#

]
. (2)

The original calculations by Larson (1974) proceed from an effec-
tive energy release per supernova of 1044J and a mass of stars formed
per supernova of 100 M", so the assumed yield of 10 per cent cor-
responds, in our notation, to v2

SN ≈ 1041J M−1
" ≈ (220 km s−1)2.

The adopted figure for energy release of 1044J by Larson (1974)
was attributed to observational estimates by Minkowski (1967), but
has consistently appeared in the literature since then without any
citation at all. More recent justification for this figure has been
provided by fitting evolutionary models to the observed variation
in luminosity of the supernovae 1987A (e.g. Shigeyama & Nomoto
1990), 1993J (e.g. Nomoto et al. 1993) and 1994I (e.g. Iwamoto
et al. 1994), these having originated from stars with main-sequence
masses in the range 10–20 M", and thus being representative of the
majority of the supernova population.

The scaling of equation (1) was subsequently adopted by White
& Rees (1978) as a component in their analytic model of galaxy
formation, and the arguments behind it were revisited and extended
by Dekel & Silk (1986), though with rather detailed assumptions.
White & Frenk (1991) felt these were difficult to justify, but they did
adopt the scaling (if not the parameter value) in their models. Indeed,
though different models employ their own particular definitions and
contexts for its application, the assumption remains in use to this
day (e.g. De Lucia et al. 2011).

The mapping from supernovae physics to this observed trend
in galaxy properties can be appreciated more directly, if more ap-
proximately, by simply combining equation (1) with the additional
constraint that the retained and escaped masses must add up to give
the cosmic fraction, f b, of their host halo, (Mb + Mesc = f bMv).
This leads to a simple relationship between remaining baryonic
mass, Mb, and total virial mass Mv (or characteristic speed vc) that
is plotted1 in Fig. 1:

Mb ≈ fbMv

1 + f# (vSN/vc)2

[
f# ≡ M#

Mb

]
. (3)

Therefore, placed in the context of CDM cosmogony, Larson (1974)
seems to have predicted, to an order of magnitude, the stellar masses

1 The line in Fig. 1 shows the locus of f # ≈ 1. Real systems, where f # ! 1,
would therefore be expected to lie above this line.
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Figure 4. The correlation between the mass of the cluster at
the epoch at which it was observed and the stellar mass of the
BCG. The different symbols represent different redshift ranges.
The solid line is a fit to the data. Setting the index of the power
law to the value reported in Hansen et al. (2009) results in a
poorer fit to the data (dashed line).

who find 1.3±0.1. Some of the difference between our results
and those in Stott et al. (2010, 2012) come from the way the
samples are selected and the way the analysis is performed.
Our best fit index is about a factor of two smaller than those
reported in earlier works (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008; Hansen et al. 2009). For exam-
ple, Hansen et al. (2009), find an index of 3.3 between the
i-band luminosity (k-corrected to z = 0.25) and M200. We
redid the fit with the index constrained to this value. The
resulting relation is shown in Fig. 4 as the dashed line. It is
a poorer fit to the data.

Our fit to the entire sample seems to be largely driven
by the clusters in the high-redshift subsample, whereas most
of the clusters in Hansen et al. (2009) were at low redshift.
This raises the possibility that there is evolution in the index
of the power law with redshift. Alternatively, the difference
might be caused by redshift-dependent selection effects. In
accounting for cluster masses in the following sections, we
adopt a conservative approach and examine how our results
depend on which index we choose to use. We will find that
our conclusions are robust to this choice.

5.3.3 Accounting for cluster masses

As foreshadowed earlier, we use two approaches to account
for the correlation between cluster mass and BCG stellar
mass. We discuss the first approach in this section and dis-
cuss the second approach in the section that follows.

In the first approach, we randomly select clusters from
the three subsamples until the mass histograms12 of the sub-
samples match. Clusters are matched according to the mass
they will have by the current epoch. Implicit in this ap-
proach is the method we use to estimate how clusters build
up their mass with time.

We cannot match all three subsamples simultaneously,

12 We use a bin size of 2× 1014 and we use the mass the clusters
are likely to have by today.
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Figure 5. Upper Panel A histogram showing the distributions
of cluster mass (extrapolated to the current epoch) for the low
and high-redshift subsamples. The median masses are marked
with the downward pointing arrows. Note how the median mass
of the two distributions differ and how skewed the low redshift
subsample is with respect to the high-redshift one. Lower two
panels Histograms of the re-sampled low and high-redshift sub-
samples. They are resampled so that they are identical for a bin
width of 2×1014 M!. The median masses, marked with the down-
ward pointing arrows, are now more similar. There are 23 objects
in the lower two histograms.

because trying to get all the histograms to match would
result in very few objects per subsample. Instead we compare
the low-redshift subsample with the intermediate and high-
redshift subsamples separately. The method is illustrated in
Fig. 5 for the comparison between the low and high-redshift
subsamples.

In order to get a measure of the uncertainties in the
derived mass ratios, we do two things. We first perturb the
cluster mass by an amount that depends on two sources of
error: the uncertainty in the measurement of the mass proxy
(X–ray temperature, X–ray gas mass, X-ray luminosity or
line–of–sight velocity dispersion) and the intrinsic scatter
between the mass proxy and the mass. For masses that are
determined from the X-ray gas mass or the X-ray temper-
ature, we assign a scatter of 15% (Mantz et al. 2010). For
masses determined from the line-of-sight velocity dispersion,
we assign a scatter of 30% (Hicks et al. 2006). For masses
inferred from the X–ray luminosity, we use 50%, which we
derived earlier. The magnitude of the perturbation is drawn
from a lognormal distribution. The s.d. of the distribution
is set equal to the two uncertainties added in quadrature.

Secondly, we resample the three subsamples with re-
placement (bootstrap resampling) to allow for uncertainties
that come from sample size. Only then do we try to match
the histograms in the three subsamples. We repeat this exer-
cise 100 times for each comparison to create 200 realisations
from the data. For each realisation, we compute the median
BCG stellar mass, the median cluster mass and median red-
shift. For each comparison, we then average the results from
the 100 realisations and get an estimate of the robustness of
the results from the variance. The results of the comparisons
are listed in Table 8 and shown in Fig. 6. The uncertainty in
the last column in Table 8 is computed from the 100 realisa-
tions and gives an indication of the robustness of the result.
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Figure 4. The correlation between the mass of the cluster at
the epoch at which it was observed and the stellar mass of the
BCG. The different symbols represent different redshift ranges.
The solid line is a fit to the data. Setting the index of the power
law to the value reported in Hansen et al. (2009) results in a
poorer fit to the data (dashed line).

who find 1.3±0.1. Some of the difference between our results
and those in Stott et al. (2010, 2012) come from the way the
samples are selected and the way the analysis is performed.
Our best fit index is about a factor of two smaller than those
reported in earlier works (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008; Hansen et al. 2009). For exam-
ple, Hansen et al. (2009), find an index of 3.3 between the
i-band luminosity (k-corrected to z = 0.25) and M200. We
redid the fit with the index constrained to this value. The
resulting relation is shown in Fig. 4 as the dashed line. It is
a poorer fit to the data.

Our fit to the entire sample seems to be largely driven
by the clusters in the high-redshift subsample, whereas most
of the clusters in Hansen et al. (2009) were at low redshift.
This raises the possibility that there is evolution in the index
of the power law with redshift. Alternatively, the difference
might be caused by redshift-dependent selection effects. In
accounting for cluster masses in the following sections, we
adopt a conservative approach and examine how our results
depend on which index we choose to use. We will find that
our conclusions are robust to this choice.

5.3.3 Accounting for cluster masses

As foreshadowed earlier, we use two approaches to account
for the correlation between cluster mass and BCG stellar
mass. We discuss the first approach in this section and dis-
cuss the second approach in the section that follows.

In the first approach, we randomly select clusters from
the three subsamples until the mass histograms12 of the sub-
samples match. Clusters are matched according to the mass
they will have by the current epoch. Implicit in this ap-
proach is the method we use to estimate how clusters build
up their mass with time.

We cannot match all three subsamples simultaneously,

12 We use a bin size of 2× 1014 and we use the mass the clusters
are likely to have by today.
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Figure 5. Upper Panel A histogram showing the distributions
of cluster mass (extrapolated to the current epoch) for the low
and high-redshift subsamples. The median masses are marked
with the downward pointing arrows. Note how the median mass
of the two distributions differ and how skewed the low redshift
subsample is with respect to the high-redshift one. Lower two
panels Histograms of the re-sampled low and high-redshift sub-
samples. They are resampled so that they are identical for a bin
width of 2×1014 M!. The median masses, marked with the down-
ward pointing arrows, are now more similar. There are 23 objects
in the lower two histograms.

because trying to get all the histograms to match would
result in very few objects per subsample. Instead we compare
the low-redshift subsample with the intermediate and high-
redshift subsamples separately. The method is illustrated in
Fig. 5 for the comparison between the low and high-redshift
subsamples.

In order to get a measure of the uncertainties in the
derived mass ratios, we do two things. We first perturb the
cluster mass by an amount that depends on two sources of
error: the uncertainty in the measurement of the mass proxy
(X–ray temperature, X–ray gas mass, X-ray luminosity or
line–of–sight velocity dispersion) and the intrinsic scatter
between the mass proxy and the mass. For masses that are
determined from the X-ray gas mass or the X-ray temper-
ature, we assign a scatter of 15% (Mantz et al. 2010). For
masses determined from the line-of-sight velocity dispersion,
we assign a scatter of 30% (Hicks et al. 2006). For masses
inferred from the X–ray luminosity, we use 50%, which we
derived earlier. The magnitude of the perturbation is drawn
from a lognormal distribution. The s.d. of the distribution
is set equal to the two uncertainties added in quadrature.

Secondly, we resample the three subsamples with re-
placement (bootstrap resampling) to allow for uncertainties
that come from sample size. Only then do we try to match
the histograms in the three subsamples. We repeat this exer-
cise 100 times for each comparison to create 200 realisations
from the data. For each realisation, we compute the median
BCG stellar mass, the median cluster mass and median red-
shift. For each comparison, we then average the results from
the 100 realisations and get an estimate of the robustness of
the results from the variance. The results of the comparisons
are listed in Table 8 and shown in Fig. 6. The uncertainty in
the last column in Table 8 is computed from the 100 realisa-
tions and gives an indication of the robustness of the result.
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Figure 4. The correlation between the mass of the cluster at
the epoch at which it was observed and the stellar mass of the
BCG. The different symbols represent different redshift ranges.
The solid line is a fit to the data. Setting the index of the power
law to the value reported in Hansen et al. (2009) results in a
poorer fit to the data (dashed line).

who find 1.3±0.1. Some of the difference between our results
and those in Stott et al. (2010, 2012) come from the way the
samples are selected and the way the analysis is performed.
Our best fit index is about a factor of two smaller than those
reported in earlier works (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008; Hansen et al. 2009). For exam-
ple, Hansen et al. (2009), find an index of 3.3 between the
i-band luminosity (k-corrected to z = 0.25) and M200. We
redid the fit with the index constrained to this value. The
resulting relation is shown in Fig. 4 as the dashed line. It is
a poorer fit to the data.

Our fit to the entire sample seems to be largely driven
by the clusters in the high-redshift subsample, whereas most
of the clusters in Hansen et al. (2009) were at low redshift.
This raises the possibility that there is evolution in the index
of the power law with redshift. Alternatively, the difference
might be caused by redshift-dependent selection effects. In
accounting for cluster masses in the following sections, we
adopt a conservative approach and examine how our results
depend on which index we choose to use. We will find that
our conclusions are robust to this choice.

5.3.3 Accounting for cluster masses

As foreshadowed earlier, we use two approaches to account
for the correlation between cluster mass and BCG stellar
mass. We discuss the first approach in this section and dis-
cuss the second approach in the section that follows.

In the first approach, we randomly select clusters from
the three subsamples until the mass histograms12 of the sub-
samples match. Clusters are matched according to the mass
they will have by the current epoch. Implicit in this ap-
proach is the method we use to estimate how clusters build
up their mass with time.

We cannot match all three subsamples simultaneously,

12 We use a bin size of 2× 1014 and we use the mass the clusters
are likely to have by today.
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Figure 5. Upper Panel A histogram showing the distributions
of cluster mass (extrapolated to the current epoch) for the low
and high-redshift subsamples. The median masses are marked
with the downward pointing arrows. Note how the median mass
of the two distributions differ and how skewed the low redshift
subsample is with respect to the high-redshift one. Lower two
panels Histograms of the re-sampled low and high-redshift sub-
samples. They are resampled so that they are identical for a bin
width of 2×1014 M!. The median masses, marked with the down-
ward pointing arrows, are now more similar. There are 23 objects
in the lower two histograms.

because trying to get all the histograms to match would
result in very few objects per subsample. Instead we compare
the low-redshift subsample with the intermediate and high-
redshift subsamples separately. The method is illustrated in
Fig. 5 for the comparison between the low and high-redshift
subsamples.

In order to get a measure of the uncertainties in the
derived mass ratios, we do two things. We first perturb the
cluster mass by an amount that depends on two sources of
error: the uncertainty in the measurement of the mass proxy
(X–ray temperature, X–ray gas mass, X-ray luminosity or
line–of–sight velocity dispersion) and the intrinsic scatter
between the mass proxy and the mass. For masses that are
determined from the X-ray gas mass or the X-ray temper-
ature, we assign a scatter of 15% (Mantz et al. 2010). For
masses determined from the line-of-sight velocity dispersion,
we assign a scatter of 30% (Hicks et al. 2006). For masses
inferred from the X–ray luminosity, we use 50%, which we
derived earlier. The magnitude of the perturbation is drawn
from a lognormal distribution. The s.d. of the distribution
is set equal to the two uncertainties added in quadrature.

Secondly, we resample the three subsamples with re-
placement (bootstrap resampling) to allow for uncertainties
that come from sample size. Only then do we try to match
the histograms in the three subsamples. We repeat this exer-
cise 100 times for each comparison to create 200 realisations
from the data. For each realisation, we compute the median
BCG stellar mass, the median cluster mass and median red-
shift. For each comparison, we then average the results from
the 100 realisations and get an estimate of the robustness of
the results from the variance. The results of the comparisons
are listed in Table 8 and shown in Fig. 6. The uncertainty in
the last column in Table 8 is computed from the 100 realisa-
tions and gives an indication of the robustness of the result.
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Figure 4. The correlation between the mass of the cluster at
the epoch at which it was observed and the stellar mass of the
BCG. The different symbols represent different redshift ranges.
The solid line is a fit to the data. Setting the index of the power
law to the value reported in Hansen et al. (2009) results in a
poorer fit to the data (dashed line).

who find 1.3±0.1. Some of the difference between our results
and those in Stott et al. (2010, 2012) come from the way the
samples are selected and the way the analysis is performed.
Our best fit index is about a factor of two smaller than those
reported in earlier works (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008; Hansen et al. 2009). For exam-
ple, Hansen et al. (2009), find an index of 3.3 between the
i-band luminosity (k-corrected to z = 0.25) and M200. We
redid the fit with the index constrained to this value. The
resulting relation is shown in Fig. 4 as the dashed line. It is
a poorer fit to the data.

Our fit to the entire sample seems to be largely driven
by the clusters in the high-redshift subsample, whereas most
of the clusters in Hansen et al. (2009) were at low redshift.
This raises the possibility that there is evolution in the index
of the power law with redshift. Alternatively, the difference
might be caused by redshift-dependent selection effects. In
accounting for cluster masses in the following sections, we
adopt a conservative approach and examine how our results
depend on which index we choose to use. We will find that
our conclusions are robust to this choice.

5.3.3 Accounting for cluster masses

As foreshadowed earlier, we use two approaches to account
for the correlation between cluster mass and BCG stellar
mass. We discuss the first approach in this section and dis-
cuss the second approach in the section that follows.

In the first approach, we randomly select clusters from
the three subsamples until the mass histograms12 of the sub-
samples match. Clusters are matched according to the mass
they will have by the current epoch. Implicit in this ap-
proach is the method we use to estimate how clusters build
up their mass with time.

We cannot match all three subsamples simultaneously,

12 We use a bin size of 2× 1014 and we use the mass the clusters
are likely to have by today.
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Figure 5. Upper Panel A histogram showing the distributions
of cluster mass (extrapolated to the current epoch) for the low
and high-redshift subsamples. The median masses are marked
with the downward pointing arrows. Note how the median mass
of the two distributions differ and how skewed the low redshift
subsample is with respect to the high-redshift one. Lower two
panels Histograms of the re-sampled low and high-redshift sub-
samples. They are resampled so that they are identical for a bin
width of 2×1014 M!. The median masses, marked with the down-
ward pointing arrows, are now more similar. There are 23 objects
in the lower two histograms.

because trying to get all the histograms to match would
result in very few objects per subsample. Instead we compare
the low-redshift subsample with the intermediate and high-
redshift subsamples separately. The method is illustrated in
Fig. 5 for the comparison between the low and high-redshift
subsamples.

In order to get a measure of the uncertainties in the
derived mass ratios, we do two things. We first perturb the
cluster mass by an amount that depends on two sources of
error: the uncertainty in the measurement of the mass proxy
(X–ray temperature, X–ray gas mass, X-ray luminosity or
line–of–sight velocity dispersion) and the intrinsic scatter
between the mass proxy and the mass. For masses that are
determined from the X-ray gas mass or the X-ray temper-
ature, we assign a scatter of 15% (Mantz et al. 2010). For
masses determined from the line-of-sight velocity dispersion,
we assign a scatter of 30% (Hicks et al. 2006). For masses
inferred from the X–ray luminosity, we use 50%, which we
derived earlier. The magnitude of the perturbation is drawn
from a lognormal distribution. The s.d. of the distribution
is set equal to the two uncertainties added in quadrature.

Secondly, we resample the three subsamples with re-
placement (bootstrap resampling) to allow for uncertainties
that come from sample size. Only then do we try to match
the histograms in the three subsamples. We repeat this exer-
cise 100 times for each comparison to create 200 realisations
from the data. For each realisation, we compute the median
BCG stellar mass, the median cluster mass and median red-
shift. For each comparison, we then average the results from
the 100 realisations and get an estimate of the robustness of
the results from the variance. The results of the comparisons
are listed in Table 8 and shown in Fig. 6. The uncertainty in
the last column in Table 8 is computed from the 100 realisa-
tions and gives an indication of the robustness of the result.
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clusters discovered through the Sunyaev-Zeldovich (SZ) effect were found thanks to the new

telescopes SPT, Planck, ACT.   Massive (>~3.1014 Msun), high-redshift clusters are expected to

be rare in the standard LCDM model. Therefore, robust mass measurements obtained from a

combination of high-resolution X-ray and weak/strong lensing data are required to place stringent

tests to the current cosmological paradigm. On the other hand, the underlying galaxy populations

of these high-z clusters start to show signs of evolution relative to nearby systems, e.g. a reversal

of star formation ("infrared Butchler-Oemler" effect). In this respect, the FIR Herschel data offers

a new observational window, expected to provide valuable insights on their star-formation

properties. Concurrently, significant progress had been done in the study of proto-clusters at

z>1.6. A multi-wavelength approach is thus mandatory to gain a deeper understanding on the

physical properties of these distant systems, obtain accurate mass measurements, and constrain

the formation epoch of galaxy clusters.   The aim of this conference is to discuss the latest results

in this field obtained with data at previously unexplored wavelengths, and investigate future

prospects with upcoming facilities such as ALMA, E-ELT, etc.
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ABSTRACT

Hot gaseous halos are predicted around all large galaxies and are critically important for our understanding of
galaxy formation, but they have never been detected at distances beyond a few kpc around a spiral galaxy. We
used the ACIS-I instrument on board Chandra to search for diffuse X-ray emission around an ideal candidate
galaxy: the isolated giant spiral NGC 1961. We observed four quadrants around the galaxy for 30 ks each, carefully
subtracting background and point-source emission, and found diffuse emission that appears to extend to 40–50 kpc.
We fit β-models to the emission and estimate a hot halo mass within 50 kpc of 5 × 109 M#. When this profile
is extrapolated to 500 kpc (the approximate virial radius), the implied hot halo mass is 1–3 × 1011 M#. These
mass estimates assume a gas metallicity of Z = 0.5 Z#. This galaxy’s hot halo is a large reservoir of gas, but falls
significantly below observational upper limits set by pervious searches, and suggests that NGC 1961 is missing 75%
of its baryons relative to the cosmic mean, which would tentatively place it below an extrapolation of the baryon
Tully–Fisher relationship of less massive galaxies. The cooling rate of the gas is no more than 0.4M# yr−1, more
than an order of magnitude below the gas consumption rate through star formation. We discuss the implications of
this halo for galaxy formation models.
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1. INTRODUCTION

Hot gaseous halos around galaxies have been an important
prediction of galaxy formation models since White & Rees
(1978). Theory predicts these hot halos form as matter accretes
onto the dark matter halo and the baryons shock to the virial
temperature (White & Frenk 1991; also see the review by
Benson 2010). Depending on the details of the assumed pre-
heating, heating from galactic feedback, and cooling rates,
these hot halos are often predicted to contain as much or more
baryonic mass as the galaxies within the halos (Sommer-Larsen
2006; Fukugita & Peebles 2006), making them cosmologically
important as reservoirs of the “missing baryons” from galaxies
(although see also Anderson & Bregman 2010). The hot halo is
also thought to produce the galactic color–magnitude bimodality
(Dekel & Birnboim 2006) and to help explain galactic “down-
sizing” in the star formation history (Bower et al. 2006; De
Lucia et al. 2006).

Hot halos have been extensively observed in soft X-rays
(roughly 0.5–2 keV) around early-type galaxies (Forman et al.
1985; O’Sullivan et al. 2001; Mulchaey & Jeltema 2010). The
halos are typically luminous (LX,0.5–2 keV ∼ 1039–1041 for non-
BCG ellipticals), mass-dependent (for most definitions of LX
and LK, LX ∝ L2

K), and are often visible out to many tens
of kpc. But these halos are difficult to connect to the formation
of the galaxies because coronal gas can also be produced in the
mergers and associated star formation that occurred when the
galaxy became elliptical (Read & Ponman 1998), and because
it is difficult to disentangle halo gas with the intergroup medium
(IGM) in which most large ellipticals reside (Dressler 1980).

In contrast, hot halos around quiescent disk galaxies should
be much more direct tracers of the galaxy formation process.
While the morphology–density relation makes it difficult to
disentangle elliptical galaxies from their dense environments,
it also ensures a large supply of isolated spiral galaxies in low-

density environments. Late-type disks are destroyed by strong
mergers (e.g., Robertson et al. 2006), and it is easy to identify
and exclude starbursting galaxies, so it should be straightforward
to search for hot halos around quiescent isolated spirals and to
connect these halos to models of galaxy formation.

Unfortunately, the search for extended soft X-ray emission
around isolated spirals has so far been unsuccessful. There
are several detections of emission a few kpc above the disk
(Strickland et al. 2004a; Li et al. 2006; Tüllmann et al. 2006;
Rasmussen et al. 2009; Owen & Warwick 2009; Yamasaki et al.
2009), but these observations are linked to the star formation in
the galaxy and probably represent galactic fountains. In terms of
more extended emission, Li et al. (2007) observe gas around the
Sombrero galaxy out to 20 kpc, but this galaxy is significantly
bulge-dominated, and the extended emission has been linked
to a galactic bulge-driven wind. Finally, Pedersen et al. (2006)
claimed to detect extended hot halo emission around NGC 5746,
but this emission disappeared after subsequent reanalysis with
newer calibration files (Rasmussen et al. 2009).

A recent paper (Crain et al. 2010b) attributes these detections
of extended emission to galactic coronae, instead of the standard
explanation of the emission as a fountain or a wind originating
from within the galaxy. This interpretation is in disagreement
with the standard understanding of galactic fountains in spiral
galaxies, but regardless of interpretation it still is true that no
hot halo has been detected around a disk galaxy at a radius of
more than a few kpc.

In this paper, we present an analysis of observations by the
ACIS-I array on board the Chandra X-ray Observatory of the
environs of the extremely massive spiral galaxy NGC 1961,
in which we detect X-ray emission out to at least 40 kpc and
attribute the emission to a hot halo. The outline of the paper
is as follows. In Section 2, we discuss the properties of NGC
1961 and the details of our observation. In Section 3, we discuss
the reduction of the data and explain various approaches to flat
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(IGM) in which most large ellipticals reside (Dressler 1980).
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Unfortunately, the search for extended soft X-ray emission
around isolated spirals has so far been unsuccessful. There
are several detections of emission a few kpc above the disk
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Rasmussen et al. 2009; Owen & Warwick 2009; Yamasaki et al.
2009), but these observations are linked to the star formation in
the galaxy and probably represent galactic fountains. In terms of
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from within the galaxy. This interpretation is in disagreement
with the standard understanding of galactic fountains in spiral
galaxies, but regardless of interpretation it still is true that no
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In this paper, we present an analysis of observations by the
ACIS-I array on board the Chandra X-ray Observatory of the
environs of the extremely massive spiral galaxy NGC 1961,
in which we detect X-ray emission out to at least 40 kpc and
attribute the emission to a hot halo. The outline of the paper
is as follows. In Section 2, we discuss the properties of NGC
1961 and the details of our observation. In Section 3, we discuss
the reduction of the data and explain various approaches to flat
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It is important to highlight the uncertainties in our measure-
ment of the hot halo mass. Our β-model fitting has a 95%
confidence uncertainty of a factor of three in the halo mass. A
10% uncertainty in the distance to the galaxy would introduce a
roughly 20% additional uncertainty in the estimated mass, and
our choice of 500 kpc for an outer radius of integration proba-
bly introduces another 10% error relative to the true (unknown)
virial radius. The assumptions of isothermality and azimuthal
symmetry may not be true at larger radii as well. By far the
biggest source of uncertainty, however, is the metallicity of the
gas. At the virial temperature of this galaxy, X-ray emissivity is
inversely proportional to the square root of the gas metallicity,
so if the gas is actually enriched to 1 Z! instead of our assumed
value of 0.5 Z!, the true halo mass is 30% below the value we
infer, and if the gas is actually 0.25 Z!, the true halo mass is
40% higher than the value we infer. A metallicity gradient in
the hot halo would make an accurate mass estimate even more
difficult. Obtaining a measurement of the metallicity of the hot
halo gas around a spiral galaxy is critically important for accu-
rately measuring the mass (as well as constraining the formation
history of the halo).

For our value of Z = 0.5 Z!, we can convert the baryon
budget into a baryon fraction with an estimate of the total
dark halo mass. The most recent measurement of the circular
velocity finds an inclination-corrected H i velocity at 34 kpc
of 402 km s−1 (Haan et al. 2008), which is comparable to
older measurements for this galaxy (e.g., Rubin et al. 1979).
If this measurement is correct and the dark matter follows a
Navarro–Frenk–White (NFW) profile, the expected virial mass
is M200 = 2.3 × 105v3

f h−1 M! (Navarro 1998). So NGC 1961
would have an inferred mass of 2.1 × 1013 M!—the mass of a
medium-sized galaxy group. Even if the halo is not precisely
NFW, the total mass seems unlikely to differ by more than 50%
or so.

Since NGC 1961 is at the center of a poor group, the other
galaxies in its group should also be added to the baryon budget.
We added the H i masses for the six other candidate group
members (Haan et al. 2008) and found a total H i mass of
7.5 × 109 M!, which is less than a sixth of the H i mass of
NGC 1961. We estimated the stellar mass of the six group
members using their H-band absolute magnitudes from the
NASA/IPAC Extragalactic Database (NED) and a mass-to-light
ratio of 0.6; this yields a total stellar mass for the group members
of 3×1010 M!, less than a tenth of the stellar mass of NGC 1961.
NGC 1961 is therefore by far the dominant reservoir of baryons
in its group, but we do include the small baryonic contributions
from the other galaxies when we compute the baryon budget.

Within 500 kpc, the baryon fraction fb ≡ Mb/Mtotal is there-
fore 0.024–0.029 (or 0.051 with a flattened halo profile)—far
less than the cosmological mean value fb = 0.171 ± 0.006
(Dunkley et al. 2009). This corresponds to a baryon frac-
tion within R500 of 0.023–0.033 for the single-component fit
and a maximum baryon fraction within R500 of 0.043 for the
two-component flattened β-model. Thus, within the virial ra-
dius NGC 1961 is missing over 75% of its baryons, which
is surprising since the missing baryon fraction is nearly al-
ways smaller in structures of this size (McGaugh et al.
2010).

The baryonic Tully–Fisher relation (BTF; Stark et al. 2009)
predicts that this galaxy should have a baryonic mass of
1.1×1012 M! (corresponding to a baryon fraction fb = 0.052),
so NGC 1961 is slightly below the BTF, but still potentially
within the typical scatter about the relation. Including a flattened

profile would definitely place this galaxy on the BTF, as would
changing the gas metallicity to 0.1 Z!. Additionally, using the
higher inclination angle of Combes et al. (2009; discussed in
Section 2) would also bring NGC 1961 onto the BTF due to the
steep dependence of this relation on vcirc.

7.3. Halo Cooling Rates and Implications for Galaxy
Formation

We can estimate the cooling radius of this hot halo and the
implied accretion rate onto the galaxy, which has implications
for setting and regulating the star formation rate in the galaxy.
We define the cooling radius as the radius for which the cooling
time is 10 Gyr, using the expression for cooling time from
Fukugita & Peebles (2006):

τ (r) = 1.5nkT

Λne (n − ne)
≈ 1.5kT × 1.92

Λne × 0.92
, (1)

where the latter expression assumes primeval helium abundance
so that the total particle density n = 1.92ne. For T = 106.85 K
and Z = 0.5 Z!, Λ = 10−22.85 erg cm3 s−1 (Sutherland
& Dopita 1993). Thus, the cooling radius occurs at ne =
6.8×10−4 cm−3. For the range of best-fit β-model profiles listed
above, this corresponds to a cooling radius between 17.8 and
18.2 kpc, and an interior hot halo mass of 8.9–10.2 × 108 M!.
It is difficult to estimate the accretion rate onto the disk from
this hot halo, since the heating rate is unconstrained, but we
can make an order-of-magnitude estimate by dividing the hot
gas thermal energy within the 10 Gyr cooling radius by the
luminosity within that radius; this yields a cooling time of
2.0–2.4 Gyr for material within the cooling radius, or an
effective cooling rate of 0.4 M! yr−1. In contrast, we can
estimate the star formation rate in NGC 1961 from the total
Hα luminosity (7.6 ± 0.9 × 1041 erg s−1) using the relation
in Kennicutt (1998): star formation rate SFR = 7.9 × 10−42

L(Hα) = 6.0±0.7 M! yr−1. The halo accretion rate is therefore
insufficient to produce the star formation rate of the galaxy.
More relevant for galaxy formation, the halo accretion rate is
two orders of magnitude too low to assemble the stellar mass
of this galaxy within a Hubble time. If we preserve β and r0 for
the halo, but increase S0 to add the present-day stellar mass of
3.1×1011 M! to the halo, the cooling rate becomes 1.2–1.8 M!
yr−1, which is still insufficient to assemble the stellar mass by a
factor of 20.

These results are also evidence against the emission around
this galaxy being dominated by a galactic fountain or other
internal processes related to star formation. One of the brightest
known galactic fountains, in NGC 891, has a bolometric
luminosity of 4 × 1039 erg s−1 (Bregman & Houck 1997) and a
star formation rate of about 4 M! yr−1 (Strickland et al. 2004b).
For the NGC 1961 star formation rate of 6 M! yr−1, the highest
expected luminosity of a fountain is therefore ∼6×1039 erg s−1,
whereas we measure an (absorbed) luminosity within 50 kpc of
2.6–3.0 × 1040 erg s−1. Moreover, the cooling time for the gas
we observe beyond 18 kpc is greater than 10 Gyr, so even if the
material has an internal origin it should be treated as quasi-static
instead of as a fountain.

Within the context of galaxy formation models, the physical
explanation for the missing baryons from NGC 1961 is unclear.
The amount of missing matter in this galaxy and the depth of
the potential well make it difficult for supernova-driven winds
to expel the missing baryons. The escape velocity for material
originating in the galactic disk (at an assumed radius of 10 kpc)
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of 402 km s−1 (Haan et al. 2008), which is comparable to
older measurements for this galaxy (e.g., Rubin et al. 1979).
If this measurement is correct and the dark matter follows a
Navarro–Frenk–White (NFW) profile, the expected virial mass
is M200 = 2.3 × 105v3

f h−1 M! (Navarro 1998). So NGC 1961
would have an inferred mass of 2.1 × 1013 M!—the mass of a
medium-sized galaxy group. Even if the halo is not precisely
NFW, the total mass seems unlikely to differ by more than 50%
or so.

Since NGC 1961 is at the center of a poor group, the other
galaxies in its group should also be added to the baryon budget.
We added the H i masses for the six other candidate group
members (Haan et al. 2008) and found a total H i mass of
7.5 × 109 M!, which is less than a sixth of the H i mass of
NGC 1961. We estimated the stellar mass of the six group
members using their H-band absolute magnitudes from the
NASA/IPAC Extragalactic Database (NED) and a mass-to-light
ratio of 0.6; this yields a total stellar mass for the group members
of 3×1010 M!, less than a tenth of the stellar mass of NGC 1961.
NGC 1961 is therefore by far the dominant reservoir of baryons
in its group, but we do include the small baryonic contributions
from the other galaxies when we compute the baryon budget.

Within 500 kpc, the baryon fraction fb ≡ Mb/Mtotal is there-
fore 0.024–0.029 (or 0.051 with a flattened halo profile)—far
less than the cosmological mean value fb = 0.171 ± 0.006
(Dunkley et al. 2009). This corresponds to a baryon frac-
tion within R500 of 0.023–0.033 for the single-component fit
and a maximum baryon fraction within R500 of 0.043 for the
two-component flattened β-model. Thus, within the virial ra-
dius NGC 1961 is missing over 75% of its baryons, which
is surprising since the missing baryon fraction is nearly al-
ways smaller in structures of this size (McGaugh et al.
2010).

The baryonic Tully–Fisher relation (BTF; Stark et al. 2009)
predicts that this galaxy should have a baryonic mass of
1.1×1012 M! (corresponding to a baryon fraction fb = 0.052),
so NGC 1961 is slightly below the BTF, but still potentially
within the typical scatter about the relation. Including a flattened

profile would definitely place this galaxy on the BTF, as would
changing the gas metallicity to 0.1 Z!. Additionally, using the
higher inclination angle of Combes et al. (2009; discussed in
Section 2) would also bring NGC 1961 onto the BTF due to the
steep dependence of this relation on vcirc.

7.3. Halo Cooling Rates and Implications for Galaxy
Formation

We can estimate the cooling radius of this hot halo and the
implied accretion rate onto the galaxy, which has implications
for setting and regulating the star formation rate in the galaxy.
We define the cooling radius as the radius for which the cooling
time is 10 Gyr, using the expression for cooling time from
Fukugita & Peebles (2006):

τ (r) = 1.5nkT

Λne (n − ne)
≈ 1.5kT × 1.92

Λne × 0.92
, (1)

where the latter expression assumes primeval helium abundance
so that the total particle density n = 1.92ne. For T = 106.85 K
and Z = 0.5 Z!, Λ = 10−22.85 erg cm3 s−1 (Sutherland
& Dopita 1993). Thus, the cooling radius occurs at ne =
6.8×10−4 cm−3. For the range of best-fit β-model profiles listed
above, this corresponds to a cooling radius between 17.8 and
18.2 kpc, and an interior hot halo mass of 8.9–10.2 × 108 M!.
It is difficult to estimate the accretion rate onto the disk from
this hot halo, since the heating rate is unconstrained, but we
can make an order-of-magnitude estimate by dividing the hot
gas thermal energy within the 10 Gyr cooling radius by the
luminosity within that radius; this yields a cooling time of
2.0–2.4 Gyr for material within the cooling radius, or an
effective cooling rate of 0.4 M! yr−1. In contrast, we can
estimate the star formation rate in NGC 1961 from the total
Hα luminosity (7.6 ± 0.9 × 1041 erg s−1) using the relation
in Kennicutt (1998): star formation rate SFR = 7.9 × 10−42

L(Hα) = 6.0±0.7 M! yr−1. The halo accretion rate is therefore
insufficient to produce the star formation rate of the galaxy.
More relevant for galaxy formation, the halo accretion rate is
two orders of magnitude too low to assemble the stellar mass
of this galaxy within a Hubble time. If we preserve β and r0 for
the halo, but increase S0 to add the present-day stellar mass of
3.1×1011 M! to the halo, the cooling rate becomes 1.2–1.8 M!
yr−1, which is still insufficient to assemble the stellar mass by a
factor of 20.

These results are also evidence against the emission around
this galaxy being dominated by a galactic fountain or other
internal processes related to star formation. One of the brightest
known galactic fountains, in NGC 891, has a bolometric
luminosity of 4 × 1039 erg s−1 (Bregman & Houck 1997) and a
star formation rate of about 4 M! yr−1 (Strickland et al. 2004b).
For the NGC 1961 star formation rate of 6 M! yr−1, the highest
expected luminosity of a fountain is therefore ∼6×1039 erg s−1,
whereas we measure an (absorbed) luminosity within 50 kpc of
2.6–3.0 × 1040 erg s−1. Moreover, the cooling time for the gas
we observe beyond 18 kpc is greater than 10 Gyr, so even if the
material has an internal origin it should be treated as quasi-static
instead of as a fountain.

Within the context of galaxy formation models, the physical
explanation for the missing baryons from NGC 1961 is unclear.
The amount of missing matter in this galaxy and the depth of
the potential well make it difficult for supernova-driven winds
to expel the missing baryons. The escape velocity for material
originating in the galactic disk (at an assumed radius of 10 kpc)
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ABSTRACT

Hot gaseous halos are predicted around all large galaxies and are critically important for our understanding of
galaxy formation, but they have never been detected at distances beyond a few kpc around a spiral galaxy. We
used the ACIS-I instrument on board Chandra to search for diffuse X-ray emission around an ideal candidate
galaxy: the isolated giant spiral NGC 1961. We observed four quadrants around the galaxy for 30 ks each, carefully
subtracting background and point-source emission, and found diffuse emission that appears to extend to 40–50 kpc.
We fit β-models to the emission and estimate a hot halo mass within 50 kpc of 5 × 109 M#. When this profile
is extrapolated to 500 kpc (the approximate virial radius), the implied hot halo mass is 1–3 × 1011 M#. These
mass estimates assume a gas metallicity of Z = 0.5 Z#. This galaxy’s hot halo is a large reservoir of gas, but falls
significantly below observational upper limits set by pervious searches, and suggests that NGC 1961 is missing 75%
of its baryons relative to the cosmic mean, which would tentatively place it below an extrapolation of the baryon
Tully–Fisher relationship of less massive galaxies. The cooling rate of the gas is no more than 0.4M# yr−1, more
than an order of magnitude below the gas consumption rate through star formation. We discuss the implications of
this halo for galaxy formation models.

Key words: galaxies: halos – galaxies: individual (NGC 1961) – X-rays: galaxies

Online-only material: color figures

1. INTRODUCTION

Hot gaseous halos around galaxies have been an important
prediction of galaxy formation models since White & Rees
(1978). Theory predicts these hot halos form as matter accretes
onto the dark matter halo and the baryons shock to the virial
temperature (White & Frenk 1991; also see the review by
Benson 2010). Depending on the details of the assumed pre-
heating, heating from galactic feedback, and cooling rates,
these hot halos are often predicted to contain as much or more
baryonic mass as the galaxies within the halos (Sommer-Larsen
2006; Fukugita & Peebles 2006), making them cosmologically
important as reservoirs of the “missing baryons” from galaxies
(although see also Anderson & Bregman 2010). The hot halo is
also thought to produce the galactic color–magnitude bimodality
(Dekel & Birnboim 2006) and to help explain galactic “down-
sizing” in the star formation history (Bower et al. 2006; De
Lucia et al. 2006).

Hot halos have been extensively observed in soft X-rays
(roughly 0.5–2 keV) around early-type galaxies (Forman et al.
1985; O’Sullivan et al. 2001; Mulchaey & Jeltema 2010). The
halos are typically luminous (LX,0.5–2 keV ∼ 1039–1041 for non-
BCG ellipticals), mass-dependent (for most definitions of LX
and LK, LX ∝ L2

K), and are often visible out to many tens
of kpc. But these halos are difficult to connect to the formation
of the galaxies because coronal gas can also be produced in the
mergers and associated star formation that occurred when the
galaxy became elliptical (Read & Ponman 1998), and because
it is difficult to disentangle halo gas with the intergroup medium
(IGM) in which most large ellipticals reside (Dressler 1980).

In contrast, hot halos around quiescent disk galaxies should
be much more direct tracers of the galaxy formation process.
While the morphology–density relation makes it difficult to
disentangle elliptical galaxies from their dense environments,
it also ensures a large supply of isolated spiral galaxies in low-

density environments. Late-type disks are destroyed by strong
mergers (e.g., Robertson et al. 2006), and it is easy to identify
and exclude starbursting galaxies, so it should be straightforward
to search for hot halos around quiescent isolated spirals and to
connect these halos to models of galaxy formation.

Unfortunately, the search for extended soft X-ray emission
around isolated spirals has so far been unsuccessful. There
are several detections of emission a few kpc above the disk
(Strickland et al. 2004a; Li et al. 2006; Tüllmann et al. 2006;
Rasmussen et al. 2009; Owen & Warwick 2009; Yamasaki et al.
2009), but these observations are linked to the star formation in
the galaxy and probably represent galactic fountains. In terms of
more extended emission, Li et al. (2007) observe gas around the
Sombrero galaxy out to 20 kpc, but this galaxy is significantly
bulge-dominated, and the extended emission has been linked
to a galactic bulge-driven wind. Finally, Pedersen et al. (2006)
claimed to detect extended hot halo emission around NGC 5746,
but this emission disappeared after subsequent reanalysis with
newer calibration files (Rasmussen et al. 2009).

A recent paper (Crain et al. 2010b) attributes these detections
of extended emission to galactic coronae, instead of the standard
explanation of the emission as a fountain or a wind originating
from within the galaxy. This interpretation is in disagreement
with the standard understanding of galactic fountains in spiral
galaxies, but regardless of interpretation it still is true that no
hot halo has been detected around a disk galaxy at a radius of
more than a few kpc.

In this paper, we present an analysis of observations by the
ACIS-I array on board the Chandra X-ray Observatory of the
environs of the extremely massive spiral galaxy NGC 1961,
in which we detect X-ray emission out to at least 40 kpc and
attribute the emission to a hot halo. The outline of the paper
is as follows. In Section 2, we discuss the properties of NGC
1961 and the details of our observation. In Section 3, we discuss
the reduction of the data and explain various approaches to flat
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It is important to highlight the uncertainties in our measure-
ment of the hot halo mass. Our β-model fitting has a 95%
confidence uncertainty of a factor of three in the halo mass. A
10% uncertainty in the distance to the galaxy would introduce a
roughly 20% additional uncertainty in the estimated mass, and
our choice of 500 kpc for an outer radius of integration proba-
bly introduces another 10% error relative to the true (unknown)
virial radius. The assumptions of isothermality and azimuthal
symmetry may not be true at larger radii as well. By far the
biggest source of uncertainty, however, is the metallicity of the
gas. At the virial temperature of this galaxy, X-ray emissivity is
inversely proportional to the square root of the gas metallicity,
so if the gas is actually enriched to 1 Z! instead of our assumed
value of 0.5 Z!, the true halo mass is 30% below the value we
infer, and if the gas is actually 0.25 Z!, the true halo mass is
40% higher than the value we infer. A metallicity gradient in
the hot halo would make an accurate mass estimate even more
difficult. Obtaining a measurement of the metallicity of the hot
halo gas around a spiral galaxy is critically important for accu-
rately measuring the mass (as well as constraining the formation
history of the halo).

For our value of Z = 0.5 Z!, we can convert the baryon
budget into a baryon fraction with an estimate of the total
dark halo mass. The most recent measurement of the circular
velocity finds an inclination-corrected H i velocity at 34 kpc
of 402 km s−1 (Haan et al. 2008), which is comparable to
older measurements for this galaxy (e.g., Rubin et al. 1979).
If this measurement is correct and the dark matter follows a
Navarro–Frenk–White (NFW) profile, the expected virial mass
is M200 = 2.3 × 105v3

f h−1 M! (Navarro 1998). So NGC 1961
would have an inferred mass of 2.1 × 1013 M!—the mass of a
medium-sized galaxy group. Even if the halo is not precisely
NFW, the total mass seems unlikely to differ by more than 50%
or so.

Since NGC 1961 is at the center of a poor group, the other
galaxies in its group should also be added to the baryon budget.
We added the H i masses for the six other candidate group
members (Haan et al. 2008) and found a total H i mass of
7.5 × 109 M!, which is less than a sixth of the H i mass of
NGC 1961. We estimated the stellar mass of the six group
members using their H-band absolute magnitudes from the
NASA/IPAC Extragalactic Database (NED) and a mass-to-light
ratio of 0.6; this yields a total stellar mass for the group members
of 3×1010 M!, less than a tenth of the stellar mass of NGC 1961.
NGC 1961 is therefore by far the dominant reservoir of baryons
in its group, but we do include the small baryonic contributions
from the other galaxies when we compute the baryon budget.

Within 500 kpc, the baryon fraction fb ≡ Mb/Mtotal is there-
fore 0.024–0.029 (or 0.051 with a flattened halo profile)—far
less than the cosmological mean value fb = 0.171 ± 0.006
(Dunkley et al. 2009). This corresponds to a baryon frac-
tion within R500 of 0.023–0.033 for the single-component fit
and a maximum baryon fraction within R500 of 0.043 for the
two-component flattened β-model. Thus, within the virial ra-
dius NGC 1961 is missing over 75% of its baryons, which
is surprising since the missing baryon fraction is nearly al-
ways smaller in structures of this size (McGaugh et al.
2010).

The baryonic Tully–Fisher relation (BTF; Stark et al. 2009)
predicts that this galaxy should have a baryonic mass of
1.1×1012 M! (corresponding to a baryon fraction fb = 0.052),
so NGC 1961 is slightly below the BTF, but still potentially
within the typical scatter about the relation. Including a flattened

profile would definitely place this galaxy on the BTF, as would
changing the gas metallicity to 0.1 Z!. Additionally, using the
higher inclination angle of Combes et al. (2009; discussed in
Section 2) would also bring NGC 1961 onto the BTF due to the
steep dependence of this relation on vcirc.

7.3. Halo Cooling Rates and Implications for Galaxy
Formation

We can estimate the cooling radius of this hot halo and the
implied accretion rate onto the galaxy, which has implications
for setting and regulating the star formation rate in the galaxy.
We define the cooling radius as the radius for which the cooling
time is 10 Gyr, using the expression for cooling time from
Fukugita & Peebles (2006):

τ (r) = 1.5nkT

Λne (n − ne)
≈ 1.5kT × 1.92

Λne × 0.92
, (1)

where the latter expression assumes primeval helium abundance
so that the total particle density n = 1.92ne. For T = 106.85 K
and Z = 0.5 Z!, Λ = 10−22.85 erg cm3 s−1 (Sutherland
& Dopita 1993). Thus, the cooling radius occurs at ne =
6.8×10−4 cm−3. For the range of best-fit β-model profiles listed
above, this corresponds to a cooling radius between 17.8 and
18.2 kpc, and an interior hot halo mass of 8.9–10.2 × 108 M!.
It is difficult to estimate the accretion rate onto the disk from
this hot halo, since the heating rate is unconstrained, but we
can make an order-of-magnitude estimate by dividing the hot
gas thermal energy within the 10 Gyr cooling radius by the
luminosity within that radius; this yields a cooling time of
2.0–2.4 Gyr for material within the cooling radius, or an
effective cooling rate of 0.4 M! yr−1. In contrast, we can
estimate the star formation rate in NGC 1961 from the total
Hα luminosity (7.6 ± 0.9 × 1041 erg s−1) using the relation
in Kennicutt (1998): star formation rate SFR = 7.9 × 10−42

L(Hα) = 6.0±0.7 M! yr−1. The halo accretion rate is therefore
insufficient to produce the star formation rate of the galaxy.
More relevant for galaxy formation, the halo accretion rate is
two orders of magnitude too low to assemble the stellar mass
of this galaxy within a Hubble time. If we preserve β and r0 for
the halo, but increase S0 to add the present-day stellar mass of
3.1×1011 M! to the halo, the cooling rate becomes 1.2–1.8 M!
yr−1, which is still insufficient to assemble the stellar mass by a
factor of 20.

These results are also evidence against the emission around
this galaxy being dominated by a galactic fountain or other
internal processes related to star formation. One of the brightest
known galactic fountains, in NGC 891, has a bolometric
luminosity of 4 × 1039 erg s−1 (Bregman & Houck 1997) and a
star formation rate of about 4 M! yr−1 (Strickland et al. 2004b).
For the NGC 1961 star formation rate of 6 M! yr−1, the highest
expected luminosity of a fountain is therefore ∼6×1039 erg s−1,
whereas we measure an (absorbed) luminosity within 50 kpc of
2.6–3.0 × 1040 erg s−1. Moreover, the cooling time for the gas
we observe beyond 18 kpc is greater than 10 Gyr, so even if the
material has an internal origin it should be treated as quasi-static
instead of as a fountain.

Within the context of galaxy formation models, the physical
explanation for the missing baryons from NGC 1961 is unclear.
The amount of missing matter in this galaxy and the depth of
the potential well make it difficult for supernova-driven winds
to expel the missing baryons. The escape velocity for material
originating in the galactic disk (at an assumed radius of 10 kpc)
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ABSTRACT

Hot gaseous halos are predicted around all large galaxies and are critically important for our understanding of
galaxy formation, but they have never been detected at distances beyond a few kpc around a spiral galaxy. We
used the ACIS-I instrument on board Chandra to search for diffuse X-ray emission around an ideal candidate
galaxy: the isolated giant spiral NGC 1961. We observed four quadrants around the galaxy for 30 ks each, carefully
subtracting background and point-source emission, and found diffuse emission that appears to extend to 40–50 kpc.
We fit β-models to the emission and estimate a hot halo mass within 50 kpc of 5 × 109 M#. When this profile
is extrapolated to 500 kpc (the approximate virial radius), the implied hot halo mass is 1–3 × 1011 M#. These
mass estimates assume a gas metallicity of Z = 0.5 Z#. This galaxy’s hot halo is a large reservoir of gas, but falls
significantly below observational upper limits set by pervious searches, and suggests that NGC 1961 is missing 75%
of its baryons relative to the cosmic mean, which would tentatively place it below an extrapolation of the baryon
Tully–Fisher relationship of less massive galaxies. The cooling rate of the gas is no more than 0.4M# yr−1, more
than an order of magnitude below the gas consumption rate through star formation. We discuss the implications of
this halo for galaxy formation models.
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1. INTRODUCTION

Hot gaseous halos around galaxies have been an important
prediction of galaxy formation models since White & Rees
(1978). Theory predicts these hot halos form as matter accretes
onto the dark matter halo and the baryons shock to the virial
temperature (White & Frenk 1991; also see the review by
Benson 2010). Depending on the details of the assumed pre-
heating, heating from galactic feedback, and cooling rates,
these hot halos are often predicted to contain as much or more
baryonic mass as the galaxies within the halos (Sommer-Larsen
2006; Fukugita & Peebles 2006), making them cosmologically
important as reservoirs of the “missing baryons” from galaxies
(although see also Anderson & Bregman 2010). The hot halo is
also thought to produce the galactic color–magnitude bimodality
(Dekel & Birnboim 2006) and to help explain galactic “down-
sizing” in the star formation history (Bower et al. 2006; De
Lucia et al. 2006).

Hot halos have been extensively observed in soft X-rays
(roughly 0.5–2 keV) around early-type galaxies (Forman et al.
1985; O’Sullivan et al. 2001; Mulchaey & Jeltema 2010). The
halos are typically luminous (LX,0.5–2 keV ∼ 1039–1041 for non-
BCG ellipticals), mass-dependent (for most definitions of LX
and LK, LX ∝ L2

K), and are often visible out to many tens
of kpc. But these halos are difficult to connect to the formation
of the galaxies because coronal gas can also be produced in the
mergers and associated star formation that occurred when the
galaxy became elliptical (Read & Ponman 1998), and because
it is difficult to disentangle halo gas with the intergroup medium
(IGM) in which most large ellipticals reside (Dressler 1980).

In contrast, hot halos around quiescent disk galaxies should
be much more direct tracers of the galaxy formation process.
While the morphology–density relation makes it difficult to
disentangle elliptical galaxies from their dense environments,
it also ensures a large supply of isolated spiral galaxies in low-

density environments. Late-type disks are destroyed by strong
mergers (e.g., Robertson et al. 2006), and it is easy to identify
and exclude starbursting galaxies, so it should be straightforward
to search for hot halos around quiescent isolated spirals and to
connect these halos to models of galaxy formation.

Unfortunately, the search for extended soft X-ray emission
around isolated spirals has so far been unsuccessful. There
are several detections of emission a few kpc above the disk
(Strickland et al. 2004a; Li et al. 2006; Tüllmann et al. 2006;
Rasmussen et al. 2009; Owen & Warwick 2009; Yamasaki et al.
2009), but these observations are linked to the star formation in
the galaxy and probably represent galactic fountains. In terms of
more extended emission, Li et al. (2007) observe gas around the
Sombrero galaxy out to 20 kpc, but this galaxy is significantly
bulge-dominated, and the extended emission has been linked
to a galactic bulge-driven wind. Finally, Pedersen et al. (2006)
claimed to detect extended hot halo emission around NGC 5746,
but this emission disappeared after subsequent reanalysis with
newer calibration files (Rasmussen et al. 2009).

A recent paper (Crain et al. 2010b) attributes these detections
of extended emission to galactic coronae, instead of the standard
explanation of the emission as a fountain or a wind originating
from within the galaxy. This interpretation is in disagreement
with the standard understanding of galactic fountains in spiral
galaxies, but regardless of interpretation it still is true that no
hot halo has been detected around a disk galaxy at a radius of
more than a few kpc.

In this paper, we present an analysis of observations by the
ACIS-I array on board the Chandra X-ray Observatory of the
environs of the extremely massive spiral galaxy NGC 1961,
in which we detect X-ray emission out to at least 40 kpc and
attribute the emission to a hot halo. The outline of the paper
is as follows. In Section 2, we discuss the properties of NGC
1961 and the details of our observation. In Section 3, we discuss
the reduction of the data and explain various approaches to flat

1

The Astrophysical Journal, 737:22 (10pp), 2011 August 10 Anderson & Bregman

It is important to highlight the uncertainties in our measure-
ment of the hot halo mass. Our β-model fitting has a 95%
confidence uncertainty of a factor of three in the halo mass. A
10% uncertainty in the distance to the galaxy would introduce a
roughly 20% additional uncertainty in the estimated mass, and
our choice of 500 kpc for an outer radius of integration proba-
bly introduces another 10% error relative to the true (unknown)
virial radius. The assumptions of isothermality and azimuthal
symmetry may not be true at larger radii as well. By far the
biggest source of uncertainty, however, is the metallicity of the
gas. At the virial temperature of this galaxy, X-ray emissivity is
inversely proportional to the square root of the gas metallicity,
so if the gas is actually enriched to 1 Z! instead of our assumed
value of 0.5 Z!, the true halo mass is 30% below the value we
infer, and if the gas is actually 0.25 Z!, the true halo mass is
40% higher than the value we infer. A metallicity gradient in
the hot halo would make an accurate mass estimate even more
difficult. Obtaining a measurement of the metallicity of the hot
halo gas around a spiral galaxy is critically important for accu-
rately measuring the mass (as well as constraining the formation
history of the halo).

For our value of Z = 0.5 Z!, we can convert the baryon
budget into a baryon fraction with an estimate of the total
dark halo mass. The most recent measurement of the circular
velocity finds an inclination-corrected H i velocity at 34 kpc
of 402 km s−1 (Haan et al. 2008), which is comparable to
older measurements for this galaxy (e.g., Rubin et al. 1979).
If this measurement is correct and the dark matter follows a
Navarro–Frenk–White (NFW) profile, the expected virial mass
is M200 = 2.3 × 105v3

f h−1 M! (Navarro 1998). So NGC 1961
would have an inferred mass of 2.1 × 1013 M!—the mass of a
medium-sized galaxy group. Even if the halo is not precisely
NFW, the total mass seems unlikely to differ by more than 50%
or so.

Since NGC 1961 is at the center of a poor group, the other
galaxies in its group should also be added to the baryon budget.
We added the H i masses for the six other candidate group
members (Haan et al. 2008) and found a total H i mass of
7.5 × 109 M!, which is less than a sixth of the H i mass of
NGC 1961. We estimated the stellar mass of the six group
members using their H-band absolute magnitudes from the
NASA/IPAC Extragalactic Database (NED) and a mass-to-light
ratio of 0.6; this yields a total stellar mass for the group members
of 3×1010 M!, less than a tenth of the stellar mass of NGC 1961.
NGC 1961 is therefore by far the dominant reservoir of baryons
in its group, but we do include the small baryonic contributions
from the other galaxies when we compute the baryon budget.

Within 500 kpc, the baryon fraction fb ≡ Mb/Mtotal is there-
fore 0.024–0.029 (or 0.051 with a flattened halo profile)—far
less than the cosmological mean value fb = 0.171 ± 0.006
(Dunkley et al. 2009). This corresponds to a baryon frac-
tion within R500 of 0.023–0.033 for the single-component fit
and a maximum baryon fraction within R500 of 0.043 for the
two-component flattened β-model. Thus, within the virial ra-
dius NGC 1961 is missing over 75% of its baryons, which
is surprising since the missing baryon fraction is nearly al-
ways smaller in structures of this size (McGaugh et al.
2010).

The baryonic Tully–Fisher relation (BTF; Stark et al. 2009)
predicts that this galaxy should have a baryonic mass of
1.1×1012 M! (corresponding to a baryon fraction fb = 0.052),
so NGC 1961 is slightly below the BTF, but still potentially
within the typical scatter about the relation. Including a flattened

profile would definitely place this galaxy on the BTF, as would
changing the gas metallicity to 0.1 Z!. Additionally, using the
higher inclination angle of Combes et al. (2009; discussed in
Section 2) would also bring NGC 1961 onto the BTF due to the
steep dependence of this relation on vcirc.

7.3. Halo Cooling Rates and Implications for Galaxy
Formation

We can estimate the cooling radius of this hot halo and the
implied accretion rate onto the galaxy, which has implications
for setting and regulating the star formation rate in the galaxy.
We define the cooling radius as the radius for which the cooling
time is 10 Gyr, using the expression for cooling time from
Fukugita & Peebles (2006):

τ (r) = 1.5nkT

Λne (n − ne)
≈ 1.5kT × 1.92

Λne × 0.92
, (1)

where the latter expression assumes primeval helium abundance
so that the total particle density n = 1.92ne. For T = 106.85 K
and Z = 0.5 Z!, Λ = 10−22.85 erg cm3 s−1 (Sutherland
& Dopita 1993). Thus, the cooling radius occurs at ne =
6.8×10−4 cm−3. For the range of best-fit β-model profiles listed
above, this corresponds to a cooling radius between 17.8 and
18.2 kpc, and an interior hot halo mass of 8.9–10.2 × 108 M!.
It is difficult to estimate the accretion rate onto the disk from
this hot halo, since the heating rate is unconstrained, but we
can make an order-of-magnitude estimate by dividing the hot
gas thermal energy within the 10 Gyr cooling radius by the
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The presence of extremely compact galaxies at z ∼ 2 and their subsequent growth in physical size
has been the cause of much puzzlement. We revisit the question using deep infrared Wide Field
Camera 3 data to probe the rest-frame optical structure of 935 galaxies selected with 0.4 < z < 2.5
and stellar masses M∗ > 1010.7M" in the UKIRT Ultra Deep Survey and GOODS-South fields of
the CANDELS survey. At each redshift, the most compact sources are those with little or no star
formation, and the mean size of these systems at fixed stellar mass grows by a factor of 3.5± 0.3 over
this redshift interval. The data are sufficiently deep to identify companions to these hosts whose stellar
masses are ten times smaller. By searching for these around 404 quiescent hosts within a physical
annulus 10 h−1 kpc < R < 30 h−1 kpc, we estimate the minor merger rate over 0.4 < z < 2. We find
that 13%− 18% of quiescent hosts have likely physical companions with stellar mass ratios of 0.1 or
greater. Mergers of these companions will typically increase the host mass by 6% ± 2% per merger
timescale. We estimate the minimum growth rate necessary to explain the declining abundance of
compact galaxies. Using a simple model motivated by recent numerical simulations, we then assess
whether mergers of the faint companions with their hosts are sufficient to explain this minimal rate.
We find that mergers may explain most of the size evolution observed at z ! 1 if a relatively short
merger timescale is assumed, but the rapid growth seen at higher redshift likely requires additional
physical processes.
Subject headings: galaxies: evolution — galaxies: formation — galaxies: fundamental parameters —

galaxies: structure

1. INTRODUCTION

The compact nature of massive quiescent galaxies at
redshifts z # 2 was a surprising discovery when it was an-
nounced some years ago (e.g., Daddi et al. 2005; Trujillo
et al. 2006; Buitrago et al. 2008; van Dokkum et al. 2008).
Many red galaxies with stellar masses M∗ # 1011M"
have effective radii Re # 1 kpc, 3− 5 times smaller than
comparably massive early-type galaxies in the local uni-
verse. This suggests that they grew significantly in size,
but much less in stellar mass. Initially there was some
suspicion that the stellar masses of the z # 2 sources
were overestimated, but deep spectroscopic data (Cap-
pellari et al. 2009; Newman et al. 2010; van de Sande
et al. 2011) have verified dynamically the high masses of
selected 1 < z < 2 sources and, in conjunction with the
abundance of dynamical masses for lower redshift sources
(Treu et al. 2005; van der Wel et al. 2005), provided a
valuable, independent confirmation of the size evolution.
Only two physical explanations have been put forward

to explain this remarkable growth in size while avoid-
ing the overproduction of present-day high-mass galax-
ies. Adiabatic expansion through significant mass loss
can lead to size growth (Fan et al. 2008, 2010). A galaxy
that loses mass as a result of winds driven by an active
nucleus or supernovae, for example, will adjust its size in
response to the shallower central potential. However, the
“puffing up” arising from baryonic mass loss occurs only
when the system is highly active and young in terms of

anewman@astro.caltech.edu

its stellar population (Ragone-Figueroa & Granato 2011,
see also Bezanson et al. 2009), so it is difficult to see how
this mechanism can account for the gradual and persis-
tent growth in size observed for compact sources that are
mostly quiescent in nature.
In a hierarchical picture of galaxy formation, merg-

ers are expected to lead to growth in size and stellar
mass. Whereas major mergers, involving nearly equal-
mass components, will lead to comparable growth in both
size and mass, minor mergers involving lower-mass com-
panions can produce more efficient size growth (Bezan-
son et al. 2009; Naab et al. 2009; Hopkins et al. 2010c).
This mechanism requires a high rate of occurrence of
minor mergers, a significant fraction of which must in-
volve gas-poor companions. Although the major merger
rate is observationally constrained reasonably well over
0 < z < 1 (e.g., Kartaltepe et al. 2007; Lin et al. 2008;
Bundy et al. 2009; de Ravel et al. 2009; Lotz et al. 2011)
and via a few measurements up to z # 3 (e.g., Bluck et al.
2009; Man et al. 2011), the rate at which minor merging
occurs requires exquisitely deep photometric data. For
this hypothesis, the key question is whether observations
confirm that minor merging occurs at the required rate.
The infrared Wide Field Camera 3 (WFC3/IR) on

board the Hubble Space Telescope (HST ) enables us to
address the question of whether minor merging is suffi-
ciently frequent to account for the size growth of com-
pact sources since z # 2. The CANDELS survey (GO
12444/5; PIs: H. C. Ferguson and S. M. Faber) provides
an excellent resource for addressing this question since,
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have effective radii Re # 1 kpc, 3− 5 times smaller than
comparably massive early-type galaxies in the local uni-
verse. This suggests that they grew significantly in size,
but much less in stellar mass. Initially there was some
suspicion that the stellar masses of the z # 2 sources
were overestimated, but deep spectroscopic data (Cap-
pellari et al. 2009; Newman et al. 2010; van de Sande
et al. 2011) have verified dynamically the high masses of
selected 1 < z < 2 sources and, in conjunction with the
abundance of dynamical masses for lower redshift sources
(Treu et al. 2005; van der Wel et al. 2005), provided a
valuable, independent confirmation of the size evolution.
Only two physical explanations have been put forward

to explain this remarkable growth in size while avoid-
ing the overproduction of present-day high-mass galax-
ies. Adiabatic expansion through significant mass loss
can lead to size growth (Fan et al. 2008, 2010). A galaxy
that loses mass as a result of winds driven by an active
nucleus or supernovae, for example, will adjust its size in
response to the shallower central potential. However, the
“puffing up” arising from baryonic mass loss occurs only
when the system is highly active and young in terms of
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its stellar population (Ragone-Figueroa & Granato 2011,
see also Bezanson et al. 2009), so it is difficult to see how
this mechanism can account for the gradual and persis-
tent growth in size observed for compact sources that are
mostly quiescent in nature.
In a hierarchical picture of galaxy formation, merg-

ers are expected to lead to growth in size and stellar
mass. Whereas major mergers, involving nearly equal-
mass components, will lead to comparable growth in both
size and mass, minor mergers involving lower-mass com-
panions can produce more efficient size growth (Bezan-
son et al. 2009; Naab et al. 2009; Hopkins et al. 2010c).
This mechanism requires a high rate of occurrence of
minor mergers, a significant fraction of which must in-
volve gas-poor companions. Although the major merger
rate is observationally constrained reasonably well over
0 < z < 1 (e.g., Kartaltepe et al. 2007; Lin et al. 2008;
Bundy et al. 2009; de Ravel et al. 2009; Lotz et al. 2011)
and via a few measurements up to z # 3 (e.g., Bluck et al.
2009; Man et al. 2011), the rate at which minor merging
occurs requires exquisitely deep photometric data. For
this hypothesis, the key question is whether observations
confirm that minor merging occurs at the required rate.
The infrared Wide Field Camera 3 (WFC3/IR) on

board the Hubble Space Telescope (HST ) enables us to
address the question of whether minor merging is suffi-
ciently frequent to account for the size growth of com-
pact sources since z # 2. The CANDELS survey (GO
12444/5; PIs: H. C. Ferguson and S. M. Faber) provides
an excellent resource for addressing this question since,
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Figure 3. Size evolution of massive galaxies over 0.4 < z < 2.5. (a) All galaxies with logM∗ > 10.7, with color encoding the SSFR. At
each redshift there is a strong relationship between SSFR and size, with the most quiescent galaxies being the most compact. (b) The

quiescent subsample, with color now encoding the extinction AV . Linear fits show the best fit to Rh ∝ Mβ
∗ with β as a free parameter

(solid line) or fixed to the slope β = 0.57 (dashed). Dotted lines indicate the 1σ vertical scatter. Spectroscopic samples from Newman et al.
(2010) and van Dokkum et al. (2008) (using CB07 fits from Muzzin et al. 2009) that pass our selection criteria are plotted as diamonds
and squares. Sizes represent Sérsic effective radii measured at rest-frame ∼ 5000 Å as described in Section 2.

SSFR criteria. In the context of spheroids, it is known
that this slope cannot be established solely by dry merg-
ers of smaller systems (e.g., Ciotti et al. 2007), and that
it must therefore be imprinted by dissipational processes
during a spheroid’s formation, i.e., before it becomes qui-
escent. From this perspective, it is perhaps expected that
the mass–radius slope for quiescent systems should per-
sist to very early epochs.
Fits to the mass-size relation are always subject to

an Eddington bias arising from the steep mass function.
This steepness implies that near the limiting mass thresh-
old, lower-mass galaxies are scattered above the thresh-
old more frequently than higher-mass galaxies are scat-
tered below it. We estimated this bias through Monte
Carlo simulations, generating mock data with errors in
stellar masses and radii typical of our sample. These
were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real
data. The measured β may underestimate the true slope
by 0.02− 0.05. Since this correction is small, sensitive to
the true errors in the stellar mass estimates, and similar
at each redshift, we decided not to apply it.
Noting the lack of significant evolution in the slope

of the mass–size relation of quiescent galaxies, we fix
β = 0.57 (the SDSS slope) and consider the growth of
the normalization γ in Figure 4a. This figure displays
the mean size of quiescent systems normalized to a stel-
lar mass of 1011M!. It is important to recognize that
the figure concerns the size evolution of the population
as a whole and not necessarily the growth rate of any
individual galaxy. Accordingly, we note that the growth

Table 1
Fits of the Mass-Size Relation of Quiescent Galaxies to

logRh = γ + β(logM∗ − 11)

Redshift γ β σlogRh

SDSS z = 0.06 0.54 0.57 0.16
0.4 < z < 1.0 0.46± 0.02 0.59± 0.07 0.21± 0.01
1.0 < z < 1.5 0.30± 0.02 0.62± 0.09 0.23± 0.02
1.5 < z < 2.0 0.21± 0.02 0.63± 0.11 0.24± 0.02
2.0 < z < 2.5 0.04± 0.04 0.69± 0.17 0.26± 0.03

Note. — Fits are plotted in Figure 3. Errors are determined
from bootstrap resampling (negligible in the SDSS). The observed
scatter is measured using the standard deviation.

rate at fixed mass d log γ/dt accelerates over this inter-
val, remaining fairly gradual at z ! 1 and then noticeably
increasing over z ≈ 1−2.5. We reached the same conclu-
sion in Newman et al. (2010). Figure 4b shows the same
data plotted against redshift; there is no apparent change
in d log γ/dz. We concentrate here on the evolution per
unit time because it most directly relates to the effects of
mergers. The blue points in Figure 4a indicate the sizes
of the star-forming systems in our mass-limited sample.
Interestingly, the evolution in size is similar to that for
the quiescent galaxies, so that star-forming galaxies are
always, on average, a factor of # 2 larger than quiescent
systems of the same mass over the entire redshift range
(see Law et al. 2011).
Figure 4b compares our results on quiescent galaxies

to several recent studies. Overall, there is a fair de-
gree of convergence given the diverse nature of the sam-
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its stellar population (Ragone-Figueroa & Granato 2011,
see also Bezanson et al. 2009), so it is difficult to see how
this mechanism can account for the gradual and persis-
tent growth in size observed for compact sources that are
mostly quiescent in nature.
In a hierarchical picture of galaxy formation, merg-

ers are expected to lead to growth in size and stellar
mass. Whereas major mergers, involving nearly equal-
mass components, will lead to comparable growth in both
size and mass, minor mergers involving lower-mass com-
panions can produce more efficient size growth (Bezan-
son et al. 2009; Naab et al. 2009; Hopkins et al. 2010c).
This mechanism requires a high rate of occurrence of
minor mergers, a significant fraction of which must in-
volve gas-poor companions. Although the major merger
rate is observationally constrained reasonably well over
0 < z < 1 (e.g., Kartaltepe et al. 2007; Lin et al. 2008;
Bundy et al. 2009; de Ravel et al. 2009; Lotz et al. 2011)
and via a few measurements up to z # 3 (e.g., Bluck et al.
2009; Man et al. 2011), the rate at which minor merging
occurs requires exquisitely deep photometric data. For
this hypothesis, the key question is whether observations
confirm that minor merging occurs at the required rate.
The infrared Wide Field Camera 3 (WFC3/IR) on

board the Hubble Space Telescope (HST ) enables us to
address the question of whether minor merging is suffi-
ciently frequent to account for the size growth of com-
pact sources since z # 2. The CANDELS survey (GO
12444/5; PIs: H. C. Ferguson and S. M. Faber) provides
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∗ with β as a free parameter

(solid line) or fixed to the slope β = 0.57 (dashed). Dotted lines indicate the 1σ vertical scatter. Spectroscopic samples from Newman et al.
(2010) and van Dokkum et al. (2008) (using CB07 fits from Muzzin et al. 2009) that pass our selection criteria are plotted as diamonds
and squares. Sizes represent Sérsic effective radii measured at rest-frame ∼ 5000 Å as described in Section 2.
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during a spheroid’s formation, i.e., before it becomes qui-
escent. From this perspective, it is perhaps expected that
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an Eddington bias arising from the steep mass function.
This steepness implies that near the limiting mass thresh-
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tered below it. We estimated this bias through Monte
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were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real
data. The measured β may underestimate the true slope
by 0.02− 0.05. Since this correction is small, sensitive to
the true errors in the stellar mass estimates, and similar
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Noting the lack of significant evolution in the slope
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β = 0.57 (the SDSS slope) and consider the growth of
the normalization γ in Figure 4a. This figure displays
the mean size of quiescent systems normalized to a stel-
lar mass of 1011M!. It is important to recognize that
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as a whole and not necessarily the growth rate of any
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formation, and the mean size of these systems at fixed stellar mass grows by a factor of 3.5± 0.3 over
this redshift interval. The data are sufficiently deep to identify companions to these hosts whose stellar
masses are ten times smaller. By searching for these around 404 quiescent hosts within a physical
annulus 10 h−1 kpc < R < 30 h−1 kpc, we estimate the minor merger rate over 0.4 < z < 2. We find
that 13%− 18% of quiescent hosts have likely physical companions with stellar mass ratios of 0.1 or
greater. Mergers of these companions will typically increase the host mass by 6% ± 2% per merger
timescale. We estimate the minimum growth rate necessary to explain the declining abundance of
compact galaxies. Using a simple model motivated by recent numerical simulations, we then assess
whether mergers of the faint companions with their hosts are sufficient to explain this minimal rate.
We find that mergers may explain most of the size evolution observed at z ! 1 if a relatively short
merger timescale is assumed, but the rapid growth seen at higher redshift likely requires additional
physical processes.
Subject headings: galaxies: evolution — galaxies: formation — galaxies: fundamental parameters —

galaxies: structure

1. INTRODUCTION

The compact nature of massive quiescent galaxies at
redshifts z # 2 was a surprising discovery when it was an-
nounced some years ago (e.g., Daddi et al. 2005; Trujillo
et al. 2006; Buitrago et al. 2008; van Dokkum et al. 2008).
Many red galaxies with stellar masses M∗ # 1011M"
have effective radii Re # 1 kpc, 3− 5 times smaller than
comparably massive early-type galaxies in the local uni-
verse. This suggests that they grew significantly in size,
but much less in stellar mass. Initially there was some
suspicion that the stellar masses of the z # 2 sources
were overestimated, but deep spectroscopic data (Cap-
pellari et al. 2009; Newman et al. 2010; van de Sande
et al. 2011) have verified dynamically the high masses of
selected 1 < z < 2 sources and, in conjunction with the
abundance of dynamical masses for lower redshift sources
(Treu et al. 2005; van der Wel et al. 2005), provided a
valuable, independent confirmation of the size evolution.
Only two physical explanations have been put forward

to explain this remarkable growth in size while avoid-
ing the overproduction of present-day high-mass galax-
ies. Adiabatic expansion through significant mass loss
can lead to size growth (Fan et al. 2008, 2010). A galaxy
that loses mass as a result of winds driven by an active
nucleus or supernovae, for example, will adjust its size in
response to the shallower central potential. However, the
“puffing up” arising from baryonic mass loss occurs only
when the system is highly active and young in terms of

anewman@astro.caltech.edu

its stellar population (Ragone-Figueroa & Granato 2011,
see also Bezanson et al. 2009), so it is difficult to see how
this mechanism can account for the gradual and persis-
tent growth in size observed for compact sources that are
mostly quiescent in nature.
In a hierarchical picture of galaxy formation, merg-

ers are expected to lead to growth in size and stellar
mass. Whereas major mergers, involving nearly equal-
mass components, will lead to comparable growth in both
size and mass, minor mergers involving lower-mass com-
panions can produce more efficient size growth (Bezan-
son et al. 2009; Naab et al. 2009; Hopkins et al. 2010c).
This mechanism requires a high rate of occurrence of
minor mergers, a significant fraction of which must in-
volve gas-poor companions. Although the major merger
rate is observationally constrained reasonably well over
0 < z < 1 (e.g., Kartaltepe et al. 2007; Lin et al. 2008;
Bundy et al. 2009; de Ravel et al. 2009; Lotz et al. 2011)
and via a few measurements up to z # 3 (e.g., Bluck et al.
2009; Man et al. 2011), the rate at which minor merging
occurs requires exquisitely deep photometric data. For
this hypothesis, the key question is whether observations
confirm that minor merging occurs at the required rate.
The infrared Wide Field Camera 3 (WFC3/IR) on

board the Hubble Space Telescope (HST ) enables us to
address the question of whether minor merging is suffi-
ciently frequent to account for the size growth of com-
pact sources since z # 2. The CANDELS survey (GO
12444/5; PIs: H. C. Ferguson and S. M. Faber) provides
an excellent resource for addressing this question since,
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Figure 3. Size evolution of massive galaxies over 0.4 < z < 2.5. (a) All galaxies with logM∗ > 10.7, with color encoding the SSFR. At
each redshift there is a strong relationship between SSFR and size, with the most quiescent galaxies being the most compact. (b) The

quiescent subsample, with color now encoding the extinction AV . Linear fits show the best fit to Rh ∝ Mβ
∗ with β as a free parameter

(solid line) or fixed to the slope β = 0.57 (dashed). Dotted lines indicate the 1σ vertical scatter. Spectroscopic samples from Newman et al.
(2010) and van Dokkum et al. (2008) (using CB07 fits from Muzzin et al. 2009) that pass our selection criteria are plotted as diamonds
and squares. Sizes represent Sérsic effective radii measured at rest-frame ∼ 5000 Å as described in Section 2.

SSFR criteria. In the context of spheroids, it is known
that this slope cannot be established solely by dry merg-
ers of smaller systems (e.g., Ciotti et al. 2007), and that
it must therefore be imprinted by dissipational processes
during a spheroid’s formation, i.e., before it becomes qui-
escent. From this perspective, it is perhaps expected that
the mass–radius slope for quiescent systems should per-
sist to very early epochs.
Fits to the mass-size relation are always subject to

an Eddington bias arising from the steep mass function.
This steepness implies that near the limiting mass thresh-
old, lower-mass galaxies are scattered above the thresh-
old more frequently than higher-mass galaxies are scat-
tered below it. We estimated this bias through Monte
Carlo simulations, generating mock data with errors in
stellar masses and radii typical of our sample. These
were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real
data. The measured β may underestimate the true slope
by 0.02− 0.05. Since this correction is small, sensitive to
the true errors in the stellar mass estimates, and similar
at each redshift, we decided not to apply it.
Noting the lack of significant evolution in the slope

of the mass–size relation of quiescent galaxies, we fix
β = 0.57 (the SDSS slope) and consider the growth of
the normalization γ in Figure 4a. This figure displays
the mean size of quiescent systems normalized to a stel-
lar mass of 1011M!. It is important to recognize that
the figure concerns the size evolution of the population
as a whole and not necessarily the growth rate of any
individual galaxy. Accordingly, we note that the growth

Table 1
Fits of the Mass-Size Relation of Quiescent Galaxies to

logRh = γ + β(logM∗ − 11)

Redshift γ β σlogRh

SDSS z = 0.06 0.54 0.57 0.16
0.4 < z < 1.0 0.46± 0.02 0.59± 0.07 0.21± 0.01
1.0 < z < 1.5 0.30± 0.02 0.62± 0.09 0.23± 0.02
1.5 < z < 2.0 0.21± 0.02 0.63± 0.11 0.24± 0.02
2.0 < z < 2.5 0.04± 0.04 0.69± 0.17 0.26± 0.03

Note. — Fits are plotted in Figure 3. Errors are determined
from bootstrap resampling (negligible in the SDSS). The observed
scatter is measured using the standard deviation.

rate at fixed mass d log γ/dt accelerates over this inter-
val, remaining fairly gradual at z ! 1 and then noticeably
increasing over z ≈ 1−2.5. We reached the same conclu-
sion in Newman et al. (2010). Figure 4b shows the same
data plotted against redshift; there is no apparent change
in d log γ/dz. We concentrate here on the evolution per
unit time because it most directly relates to the effects of
mergers. The blue points in Figure 4a indicate the sizes
of the star-forming systems in our mass-limited sample.
Interestingly, the evolution in size is similar to that for
the quiescent galaxies, so that star-forming galaxies are
always, on average, a factor of # 2 larger than quiescent
systems of the same mass over the entire redshift range
(see Law et al. 2011).
Figure 4b compares our results on quiescent galaxies

to several recent studies. Overall, there is a fair de-
gree of convergence given the diverse nature of the sam-
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ABSTRACT

The presence of extremely compact galaxies at z ∼ 2 and their subsequent growth in physical size
has been the cause of much puzzlement. We revisit the question using deep infrared Wide Field
Camera 3 data to probe the rest-frame optical structure of 935 galaxies selected with 0.4 < z < 2.5
and stellar masses M∗ > 1010.7M" in the UKIRT Ultra Deep Survey and GOODS-South fields of
the CANDELS survey. At each redshift, the most compact sources are those with little or no star
formation, and the mean size of these systems at fixed stellar mass grows by a factor of 3.5± 0.3 over
this redshift interval. The data are sufficiently deep to identify companions to these hosts whose stellar
masses are ten times smaller. By searching for these around 404 quiescent hosts within a physical
annulus 10 h−1 kpc < R < 30 h−1 kpc, we estimate the minor merger rate over 0.4 < z < 2. We find
that 13%− 18% of quiescent hosts have likely physical companions with stellar mass ratios of 0.1 or
greater. Mergers of these companions will typically increase the host mass by 6% ± 2% per merger
timescale. We estimate the minimum growth rate necessary to explain the declining abundance of
compact galaxies. Using a simple model motivated by recent numerical simulations, we then assess
whether mergers of the faint companions with their hosts are sufficient to explain this minimal rate.
We find that mergers may explain most of the size evolution observed at z ! 1 if a relatively short
merger timescale is assumed, but the rapid growth seen at higher redshift likely requires additional
physical processes.
Subject headings: galaxies: evolution — galaxies: formation — galaxies: fundamental parameters —

galaxies: structure

1. INTRODUCTION

The compact nature of massive quiescent galaxies at
redshifts z # 2 was a surprising discovery when it was an-
nounced some years ago (e.g., Daddi et al. 2005; Trujillo
et al. 2006; Buitrago et al. 2008; van Dokkum et al. 2008).
Many red galaxies with stellar masses M∗ # 1011M"
have effective radii Re # 1 kpc, 3− 5 times smaller than
comparably massive early-type galaxies in the local uni-
verse. This suggests that they grew significantly in size,
but much less in stellar mass. Initially there was some
suspicion that the stellar masses of the z # 2 sources
were overestimated, but deep spectroscopic data (Cap-
pellari et al. 2009; Newman et al. 2010; van de Sande
et al. 2011) have verified dynamically the high masses of
selected 1 < z < 2 sources and, in conjunction with the
abundance of dynamical masses for lower redshift sources
(Treu et al. 2005; van der Wel et al. 2005), provided a
valuable, independent confirmation of the size evolution.
Only two physical explanations have been put forward

to explain this remarkable growth in size while avoid-
ing the overproduction of present-day high-mass galax-
ies. Adiabatic expansion through significant mass loss
can lead to size growth (Fan et al. 2008, 2010). A galaxy
that loses mass as a result of winds driven by an active
nucleus or supernovae, for example, will adjust its size in
response to the shallower central potential. However, the
“puffing up” arising from baryonic mass loss occurs only
when the system is highly active and young in terms of
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its stellar population (Ragone-Figueroa & Granato 2011,
see also Bezanson et al. 2009), so it is difficult to see how
this mechanism can account for the gradual and persis-
tent growth in size observed for compact sources that are
mostly quiescent in nature.
In a hierarchical picture of galaxy formation, merg-

ers are expected to lead to growth in size and stellar
mass. Whereas major mergers, involving nearly equal-
mass components, will lead to comparable growth in both
size and mass, minor mergers involving lower-mass com-
panions can produce more efficient size growth (Bezan-
son et al. 2009; Naab et al. 2009; Hopkins et al. 2010c).
This mechanism requires a high rate of occurrence of
minor mergers, a significant fraction of which must in-
volve gas-poor companions. Although the major merger
rate is observationally constrained reasonably well over
0 < z < 1 (e.g., Kartaltepe et al. 2007; Lin et al. 2008;
Bundy et al. 2009; de Ravel et al. 2009; Lotz et al. 2011)
and via a few measurements up to z # 3 (e.g., Bluck et al.
2009; Man et al. 2011), the rate at which minor merging
occurs requires exquisitely deep photometric data. For
this hypothesis, the key question is whether observations
confirm that minor merging occurs at the required rate.
The infrared Wide Field Camera 3 (WFC3/IR) on

board the Hubble Space Telescope (HST ) enables us to
address the question of whether minor merging is suffi-
ciently frequent to account for the size growth of com-
pact sources since z # 2. The CANDELS survey (GO
12444/5; PIs: H. C. Ferguson and S. M. Faber) provides
an excellent resource for addressing this question since,
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Figure 3. Size evolution of massive galaxies over 0.4 < z < 2.5. (a) All galaxies with logM∗ > 10.7, with color encoding the SSFR. At
each redshift there is a strong relationship between SSFR and size, with the most quiescent galaxies being the most compact. (b) The

quiescent subsample, with color now encoding the extinction AV . Linear fits show the best fit to Rh ∝ Mβ
∗ with β as a free parameter

(solid line) or fixed to the slope β = 0.57 (dashed). Dotted lines indicate the 1σ vertical scatter. Spectroscopic samples from Newman et al.
(2010) and van Dokkum et al. (2008) (using CB07 fits from Muzzin et al. 2009) that pass our selection criteria are plotted as diamonds
and squares. Sizes represent Sérsic effective radii measured at rest-frame ∼ 5000 Å as described in Section 2.

SSFR criteria. In the context of spheroids, it is known
that this slope cannot be established solely by dry merg-
ers of smaller systems (e.g., Ciotti et al. 2007), and that
it must therefore be imprinted by dissipational processes
during a spheroid’s formation, i.e., before it becomes qui-
escent. From this perspective, it is perhaps expected that
the mass–radius slope for quiescent systems should per-
sist to very early epochs.
Fits to the mass-size relation are always subject to

an Eddington bias arising from the steep mass function.
This steepness implies that near the limiting mass thresh-
old, lower-mass galaxies are scattered above the thresh-
old more frequently than higher-mass galaxies are scat-
tered below it. We estimated this bias through Monte
Carlo simulations, generating mock data with errors in
stellar masses and radii typical of our sample. These
were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real
data. The measured β may underestimate the true slope
by 0.02− 0.05. Since this correction is small, sensitive to
the true errors in the stellar mass estimates, and similar
at each redshift, we decided not to apply it.
Noting the lack of significant evolution in the slope

of the mass–size relation of quiescent galaxies, we fix
β = 0.57 (the SDSS slope) and consider the growth of
the normalization γ in Figure 4a. This figure displays
the mean size of quiescent systems normalized to a stel-
lar mass of 1011M!. It is important to recognize that
the figure concerns the size evolution of the population
as a whole and not necessarily the growth rate of any
individual galaxy. Accordingly, we note that the growth

Table 1
Fits of the Mass-Size Relation of Quiescent Galaxies to

logRh = γ + β(logM∗ − 11)

Redshift γ β σlogRh

SDSS z = 0.06 0.54 0.57 0.16
0.4 < z < 1.0 0.46± 0.02 0.59± 0.07 0.21± 0.01
1.0 < z < 1.5 0.30± 0.02 0.62± 0.09 0.23± 0.02
1.5 < z < 2.0 0.21± 0.02 0.63± 0.11 0.24± 0.02
2.0 < z < 2.5 0.04± 0.04 0.69± 0.17 0.26± 0.03

Note. — Fits are plotted in Figure 3. Errors are determined
from bootstrap resampling (negligible in the SDSS). The observed
scatter is measured using the standard deviation.

rate at fixed mass d log γ/dt accelerates over this inter-
val, remaining fairly gradual at z ! 1 and then noticeably
increasing over z ≈ 1−2.5. We reached the same conclu-
sion in Newman et al. (2010). Figure 4b shows the same
data plotted against redshift; there is no apparent change
in d log γ/dz. We concentrate here on the evolution per
unit time because it most directly relates to the effects of
mergers. The blue points in Figure 4a indicate the sizes
of the star-forming systems in our mass-limited sample.
Interestingly, the evolution in size is similar to that for
the quiescent galaxies, so that star-forming galaxies are
always, on average, a factor of # 2 larger than quiescent
systems of the same mass over the entire redshift range
(see Law et al. 2011).
Figure 4b compares our results on quiescent galaxies

to several recent studies. Overall, there is a fair de-
gree of convergence given the diverse nature of the sam-
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Figure 11. Left: Observed evolution in size measured at fixed mass for quiescent galaxies, reproduced from Figure 4, compared to
predicted trajectories expected from the simple merging model discussed in the text. We begin with progenitors at z = 2 and 1 and predict
their future growth. The width of the shaded bands corresponds to the uncertainty in fM . At z ! 1, mergers plausibly account for much of
the size growth if the timescale is short, but at higher redshifts they cannot match the rapid growth of the population. Right: Comoving
number density of logM∗ > 10.7 quiescent galaxies in CANDELS and the NMBS. Error bars for individual fields (slightly offset in redshift
for clarity) reflect Poisson noise only, while the error in the mean (diamonds) is determined empirically from the scatter among the fields.
The solid line and shaded region indicate the fit used in our model and its 1σ uncertainty.

this rate, i.e., we do not incorporate stochasticity in the
incidence of mergers.
The primary conclusions from Figure 11a are twofold.

First, at z ! 1 the pairs we observe can plausibly ac-
count for most of the observed size growth if an effective
timescale τe ∼ 1 Gyr, at the short end of the estimates
discussed in Section 5.1, and an average growth efficiency
α ≈ 1.6 are valid. Second, at z " 1 the observed growth
in log γ per unit time increases significantly. This en-
hanced growth rate cannot be matched by mergers using
any reasonable choices of τe and α.
As discussed in Section 3, however, an important ob-

jection to the model comparisons in Figure 11a is that
we are tracking the mean growth rate of the entire pop-
ulation, as if all sources are enlarged in lockstep. In re-
ality, the population at any redshift comprises both old
galaxies which formed at higher redshift and which pre-
sumably are growing via mergers, and sources newly ar-
riving on the quiescent sequence, whose size may reflect
their epoch of formation. Galaxies appearing later are
typically formed from gas-poorer progenitors. They are
therefore expected theoretically to experience less dissi-
pation in their formation, possibly leading to less com-
pact remnants (Robertson et al. 2006; Khochfar & Silk
2006; Hopkins et al. 2010b; Shankar et al. 2011).
Figure 11b demonstrates that the comoving number

density of quiescent galaxies increases very rapidly at
z " 1.3, exactly where the growth in mean size is most
rapid. For example, only ∼ 25% of the sample at z ∼
1 was already formed and quiescent at z ∼ 2. These
early galaxies may need only to grow marginally into
the compact tail of the distribution at z ∼ 1. They
might then experience significantly less growth than the
population mean tracked in Figure 11a. In this figure, we
have combined our CANDELS catalog with those from
the NEWFIRMMedium Band Survey (NMBS; Whitaker
et al. 2011) to increase the total volume. Densities in
the various fields agree closely at z " 1.5, where large
volumes are probed, while cosmic variance dominates at
z ! 1.5.

There is observational support at z ∼ 0 for the idea
that younger early-type galaxies are larger at fixed mass
(Shankar & Bernardi 2009; van der Wel et al. 2009;
Bernardi et al. 2010). On the other hand, some recent
studies at higher redshift have found no sign of such a
correlation (Trujillo et al. 2011; Whitaker et al. 2012; but
see Saracco et al. 2011). Although the true situation re-
mains unclear, it is interesting to consider size growth
assuming that the oldest galaxies at a given redshift and
stellar mass are the smallest, since this corresponds to
the minimum rate of growth that individual old galaxies
must undergo. We now seek to construct a test that ac-
counts for the continual emergence of quiescent systems.

5.4. A Minimum Rate of Growth for Early Compact
Galaxies

The physical processes that determine the size of a
galaxy in its early history might therefore be quite dif-
ferent from those that drive its subsequent growth. Oser
et al. (2010) described a “two phase” picture that, while
obviously a simplification at some level, still provides a
useful paradigm for galaxy growth. The first phase is
characterized mainly by in situ star formation, while in
the second phase, most growth occurs through accretion
of stars. We wish to test whether mergers are sufficient
to power size growth in this second phase. As we dis-
cussed in Section 5.3, growth in the mean size of the
quiescent population (Figure 11a) entails processes op-
erating in both phases which are hard to uniquely dis-
entangle. Evolution in the population mean alone does
not necessarily imply that any individual galaxy must
grow in size. The key evidence for growth in the “second
phase” is the declining abundance of compact systems.
Observationally, we seek to explain the minimum rate at
which high-z compact galaxies must evolve so as to avoid
leaving too many compact remnants at later times.
To test for growth in this second phase requires the dis-

tribution of sizes at two redshifts and the relative abun-
dances of the progenitors and candidate descendants. We
focus on the redshift interval z = 1 − 2 to illustrate the
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Massive Galaxies at High Redshift:

Even scarcer at low redshift 
     - due to smaller volume

Beware misjuding the evolution
     - low-z population is not representative of 
       the same mass range at high z

Stellar fraction in BCG naturally limited
     - Hierarchical assembly crucial to
       understand cooling history
     - final gas reservoir does cool, 
         but only onto central at late times

Rare, but...  


